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 Magnetic read head, one of the most important components in the hard disk 
drive, has experienced evolutionary and revolutionary changes to meet the require-
ment of the ever increasing areal density of hard disk drives in the past decades.   In 
the exploration of new designs and materials for the read head, the magnetic 
nanoconstriction attracted much attention recently due to its ultra small size and 
surprisingly large low-field magnetoresistance (MR) at room temperatures. Up to now, 
most of the investigations on the magnetic nanoconstriction focused on the 
transitional magnetic metals such as Fe, Co and Ni and to date no consensus has been 
reached on the origin of the large MR observed in this system.  
 In this work, we first aimed to develop a simple but effective approach to 
fabricate nanoconstrictions of complex oxides. Half metallic La0.67Sr0.33MnO3 (LSMO) 
was chosen as a studying object. LSMO nanoconstriction arrays with different 
physical states at the place of nanoconstriction have been fabricated to study the 
influence of the physical state of the nanoconstriction on its magnetotransport 
behavior, hoping to obtain some helpful information on the origin of the large MR in 
magnetic nanoconstrictions. 
 Three fabrication processes were developed by integrating nanosphere 
lithography (NSL), pulsed laser deposition (PLD), and reactive ion etching (RIE) 
techniques for the fabrication of LSMO nanoconstriction arrays. The first process 
simply employed a monolayer of close-packed SiO2 microspheres as mask for ion 
beam etching of LSMO thin film. The second process used a monolayer of SiO2 
microspheres, the dimension of which can be tuned through RIE process, as mask for 
LSMO thin film deposition using PLD technique. The third process was the 
 vi
combination of the first and the second ones. It firstly employed the second process to 
fabricate a nanopatterned SrTiO3 (STO) thin film on top of a continuous LSMO thin 
film and then this nanopatterned STO thin film was used as a hard mask for ion beam 
etching of the underlying LSMO thin film. All of the three processes showed 
capability of fabricating LSMO nanoconstriction with lateral size smaller than 100 nm. 
Moreover, the LSMO nanoconstrictions fabricated through these different fabrication 
processes had different physical state, providing an opportunity to investigate their 
roles in the magnetotransport behaviors in the nanoconstricted systems. 
In the ferromagnetic island/nanoconstriction of weakened ferromagnetic 
coupling/ferromagnetic island system fabricated through process I, a large spin-
polarized current effect was observed. The spin-polarized current would strengthen 
local ferromagnetic coupling when passing through the nanoconstricted region and 
cause a large drop of resistance.  
In the ferromagnetic island/phase separated nanoconstriction/ferromagnetic 
island system, fabricated through process I and post-situ annealing, resistance steps 
were observed at large bias current. The critical current value at which resistance 
jump occurs varied with temperatures and the applied magnetic fields. A large low-
field magnetoresistive ratio of 52.2% was achieved at 78K with the magnetic field up 
to 3000 Gauss when the biased current was set to 0.34 mA.  
In the nanoconstricted phase separated system fabricated through process II, a 
size dependence of the magnetotransport behavior was observed. Compared with 
system with larger lateral size, the system with smaller lateral size has a lower metal-
insulator transition temperature, a larger magnetoresistance at the same bias current, 
and a larger electroresistance at the same external magnetic field. This size 
dependence can be understood in the framework of phase separation by taking into 
 vii
account the size dependence of the fraction of insulating phase and the percolation 
threshold for the metallic phase. 
Compared with the novel transport behaviors in the nanoconstriction arrays in 
the non-intrinsic states (weakened magnetic-coupling state and phase separated state), 
the transport properties of the intrinsically ferromagnetic LSMO nanoconstriction 
array, fabricated through process III, were more like those of a single crystal or an 
epitaxial thin film: linear I-V characteristic and very small low field 
magnetoresistance. The magnetic domain structure simulation showed that broad 
domain walls, zigzag and vortex domain structures, rather than abrupt domain wall, 
were energetically preferred at these intrinsically ferromagnetic LSMO 
nanoconstriction arrays with lateral size down to 25 nm. This is the main reason why 
no large low field magnetoresistance was observed.  
These results suggest that the non-intrinsic states at the place of 
nanoconstriction are crucial for the LSMO nanoconstriction of lateral size of sub-100 
nm to obtain large nonlinear transport properties and low field magnetoresistance. 
Although the results of this project cannot rule out of the domain wall resistance 
contribution to the ultra large low field magnetoresistance in the atomic-sized 
magnetic nanoconstriction, they do lend some support to the viewpoint that the ultra 
large low field magnetoresistance in magnetic nanoconstriction is an extrinsic 
properties due to defect state or magneto-mechanical effect, rather than an intrinsic 
property due to the domain wall resistance. 
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Figure 1.2 Schematic representation of the GMR effect. (a): Change in 
the resistance of the magnetic multilayer as a function of 
applied magnetic field. (b): The magnetization 
configurations (indicated by the arrows) of the trilayer at 
various magnetic fields: the magnetizations are aligned 
antiparallel at zero field; the magne-tizations are aligned 
parallel when the external magnetic field H is larger than 




Figure 1.3 Magnetoresistive measurement of a Ni-Ni nanocontact [2]. 
The variations of the conductance (upper diagram) and the 




Figure 1.4 Magnetoresistive measurement of an electrodeposited Ni-




Figure 1.5 Several most frequently used methods for the fabrication of 
magnetic nanoconstriction. (a) Two wires ending with 
rounded tips face each other and were push into a contact 
[33].  (b) By screwing the driving rod to bend the flexible 
substrate, the metallic wire is first elongated until break, 
and then brought back into contact to form a nano-
constriction [31]. (c) The electrodeposited Ni nano-
constriction is deposited in the gap between two Ni wires 
[29].  (d) nanoconstrictions are formed in the process of 
electro-deposition through pinholes in an insulating film 
[35]. (e) nanoconstriction fabricated by e-beam lithography 
[48]. (f) preparation of nanoconstriction using a hole in an 
insulating membrane while monitoring the resistance 
during deposition [40]. 
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Figure 1.6 The ideal cubic perovskite structure, ABO3. A is a large 
cation, similar in size to O2-, B is a small cation such as 
Mn3+ or Mn4+, octahedrally-coordinated by oxygen. 
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Figure 1.7 Phase diagram of temperature vs tolerance factor for the 
system RE0.7M0.3MnO3, where RE is a trivalent rare earth 






Figure 1.8 (a) Temperature dependence of resistivity for La1-xSrxMnO3 
crystals. (b) Electronic phase diagram of La1-xSrxMnO3. 
Open circles and filled triangles ar the Nėel (TN) and Curie 
(TC) temperatures, respectively. The abbreviations mean 
paramag-netic insulator (PI), paramagnetic metal (PM), 
spin-canted insulator (CNI), ferromagnetic insulator (FI), 
and ferro-magnetic metal (FM). [61] 
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Figure 1.9 (a) Temperature dependence of resistivity for 
La0.8Sr0.2MnO3 crystals under various magnetic fields. (b) 
Correlation between the temperature dependence of 
resistivity and magnetic moment for La0.8Sr0.2MnO3. [61] 
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Figure 1.10 Spin-resolved photoemission spectra from a TC =350 K thin 
film sample of La0.7Sr0.3MnO3 at (a) T = 40 K and (b) T = 
380 K. [62] (c) Schematic energy diagrams of the doped 
manganites at T<<Tc and at T>Tc. At T<<Tc, the carriers 




Figure 1.1 Schematic diagram of the double exchange mechanism. 
The two states Mn3+ - O2- - Mn4+ and Mn4+ - O2- - Mn3+ are 
degenerated if the manganese spins are parallel. 
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Figure 1.12 Illustration of the formation of a percolation path with the 
decrease of temperature in phase separated manganites. [74] 
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Figure 2.6 Schematic drawing of an atomic force microscope 
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Figure 3.2 XRD pattern of an epitaxial La0.67Sr0.33MnO3 thin film on 
STO (001) substrate. 
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Figure 3.3 Magnetization hysteresis loop of LSMO film measured at 
300 K with magnetic field along [100] direction (in plane). 
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substrate. (c) electrophoretic deposition of spheres. (d) 
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Figure 3.8 Fabrication process I, microsphere monolayer served as 
mask for ion beam etching. 
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Figure 4.2 R-T curves of film with bias current of 1 μA after being 
etched for 60 minutes. The two curves represent the 
measure-ments carried out with and without applied field of 
3000 Gauss respectively. Inset: curve of the original film 
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μA under zero-field. The pea resistance became smaller and 
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Chapter 1 Introduction 
Chapter 1 Introduction 
In the last decade, the areal density of hard disk drive has doubled every 18 
months [1]. The revolutionary development of the read head, one of the key devices in a 
hard disk drive, played an indispensable role in enhancing the capacity of the hard disk 
drive, especially in the 1990s when the giant magnetoresistive (GMR) head was 
introduced [1]. With continuous shrinkage of the single bit size, read heads with smaller 
size and larger magnetoresistance (MR) ratio are necessary for future applications.  
In the exploration of the new designs and new materials for the read head, 
magnetic nanoconstrictions attracted much attention recently [2-4]. The nanoscale size 
and the surprisingly large low-field MR of the magnetic nanoconstriction make it 
possible to read the signals from atomically small domains, which would theoretically 
allow the manufacture of the hard disk drive of trillion of bits per square inch. Materials 
with higher spin polarizations are believed to be crucial to achieve a high low-field MR 
ratio in a magnetic nanoconstriction [5]. A group of magnetic oxides, including Fe3O4, 
CrO2, and La0.67Sr0.33MnO3 (LSMO), famous for their high spin polarization [6,7], are 
believed to be strong candidates to fabricate nanoconstriction of higher MR ratios. A very 
large low-field MR ratio at room temperature observed in Fe3O4 nanoconstrictions 
recently has confirmed the application potential of these materials [8]. 
Before we come to the concept of nanoconstriction, it is necessary to give a brief 
review of the history of the development of the read head in hard disk drive to understand 
how the concept of magnetic nanoconstriction was developed. Then the possible physics 
about the magnetic nanoconstriction and the challenges in fabrication at the current stage 
will also be reviewed, all of which will be covered in the section 1.1. The material used in 
1 
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fabricating nanoconstriction is another crucial factor in obtaining higher MR ratio. 
Manganites, used in this work, will be introduced in the section 1.2, including their 
properties, several important theoretical models and the status of current investigations. 
 
1.1 Magnetic read sensor 
Magnetic read sensor is mostly used as read head in the hard disk now. It is one of 
the most important components in the hard disk and the only one component that 
experienced a revolutionary change in structural design and working principle. However, 
fabricating a read sensor for the hard disk drive of Tbit/in2 is still a challenge for the 
current science and technology. 
 
1.1.1 History of the development of read head in hard disk drive  
The ever increasing demand for higher areal density in hard disk drive has driven 
the read head to be smaller and more sensitive since the birth of the first hard disk. This 
development of the read head is illustrated in figure 1.1.  
As shown, the first generation of read head is the inductive read head, which 
detects signals by measuring the voltage change across the coils induced by the flux 
variation when the head passes by the recorded bit. Although the performance of the 
inductive head has been improved continuously to meet the requirement of rapidly 
increasing areal density, it is very difficult to further enhance its sensitivity and integrity 
in terms of its structural design and working principle. At the beginning of 1990s, it was 
replaced by magnetoresistive head [1]. 
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 Figure 1.1 Illustration of the development of the read head technique [9] 
 
 The concept of MR head was first proposed by Hunt in 1971 [10]. This kind of 
head is widely called anisotropic magnetoresistive (AMR) head which took advantage of 
AMR effect, i.e. the resistivity of some ferromagnetic materials is a function of the 
orientation between current and the magnetization due to the spin-orbit interaction. The 
amplitude of the AMR ratio usually varies from less than 1% to a few percent, depending 
on the type of materials. The mostly common used AMR read sensor material is the 
permalloy at a composition near 81% Ni and 19% Fe, of which the MR ratio is about 2-
4%, depending on the thickness of the thin film and deposition method [1]. 
3 
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 Although the AMR read head shows much better performance in terms of 
sensitivity and scalability than the thin film inductive head, it still could not keep up with 
the pace of the rapid advance in areal density due to the difficulty in further structural 
miniaturization because the MR ratio of the AMR head decreased rapidly when its 
thickness is reduced to less than 10 nm [11]. This difficulty was overcome by the 
introduction of a much larger MR effect called giant magnetoresistive (GMR) effect – a 
spin dependent scattering effect. This GMR effect was first discovered in magnetic and 
nonmagnetic metallic multilayer [12, 13], and later adopted in the design of spin-valve 
read head [14]. The core concept of the GMR head is the artificial sandwich structure in 
which two ferromagnetic metallic layers are separated by a nonmagnetic metallic spacer 
layer. The change in the resistance of the trilayer arises when the applied field aligns the 
magnetic moments of the two ferromagnetic layers which are antiparallel at the absence 
of magnetic field, as illustrated schematically in Figure 1.2. 
 There are two different configurations of spin-valve GMR head depending on 
whether the current flows in the plane of the stack of layers or perpendicular to them. The 
former is called a current-in-plane (CIP) GMR head, and the latter a current-
perpendicular-to-plane (CPP) GMR head [15]. Now the CIP GMR head has been 
commercialized and dominant in the market. The CPP GMR head is expected to play an 
important role in future terabits recording systems. 
 When the non-magnetic metallic spacer layer in the sandwich structure of CPP 
GMR head is replaced by a very thin non-magnetic insulating layer, we get a new 
spintronic device which is called magnetic tunneling junction (MTJ) [16]. The electrical 
conduction in MTJ is based on quantum-mechanical tunneling. The tunneling current 
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Figure 1.2 Schematic representation of the GMR effect. (a): Change in the resistance of 
the magnetic multilayer as a function of applied magnetic field. (b): The magnetization 
configurations (indicated by the arrows) of the trilayer at various magnetic fields: the 
magnetizations are aligned antiparallel at zero field; the magnetizations are aligned 
parallel when the external magnetic field H is larger than the saturation field Hs. (c): The 
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through the barrier is larger when the magnetization in the two electrodes is parallel than 
that when they are aligned antiparallel, resulting in a large so-called tunneling 
magnetoresistive (TMR) effect, a spin dependent tunneling effect [17]. Although the 
TMR effect has been known since the mid 1960s, only recently have significant room 
temperature MR signals (beyond 100%) been obtained thanks to the use of MgO as 
insulating barrier [18, 19], making it very attractive for applications in magnetic read 
heads and magnetic random access memory [20]. 
 Then, what will happen if the spacer layer of the magnetic sandwich structure of 
GMR and MTJ head is replaced by only a domain wall? This structure is the prototype of 
the magnetic nanoconstriction, also called magnetic nanocontact, which has become a hot 
topic in this area recently [2-4, 21]. 
 
1.1.2 Huge low-field magnetoresistance of magnetic nanoconstriction 
In the last several years, there has been an increasing interest in magnetic 
nanostructures which show magnetoresistive phenomena. Beside the fundamental interest 
in spin dependent transport in low-dimension systems, it was to a large extent motivated 
by Garcia et al’s report of a 280% MR ratio at room temperature in a field of 20 Oe in Ni 
nanoconstriction [2], as shown in figure 1.3. This was followed by reports of large MR 
ratio in Fe [22] and Co [23] nanoconstrictions fabricated through the same technique. In 
these experiments, the electron transport behavior is believe to be ballistic since the 
conductance usually stabilizes near integer multiples of the conductance quantum 
G0=2e2/ħ, which is an evidences for the very small size of these constrictions. The large 
MR ratio observed in magnetic nanoconstrictions was therefore termed ballistic 
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magnetoresistance (BMR) which means that the electron can travel across the 









 Figure 1.3 Magnetoresistive measurement of a Ni-Ni nanocontact [2]. 
The variations of the conductance (upper diagram) and the applied field 
(lower diagram) with time were recorded synchronously.  
 
Domain wall scattering and the depinning of the domain wall from nano-
constriction under external field may be a possible explanation for this magnetoresistive 
effect. However, the resistance of domain wall is significant only when the width of the 
domain wall is reduced to atomic scale. In the first report on magnetic nanoconstriction, 
Garcia et al. [2] tentatively attributed the observed MR ratio to the scattering of electrons 
by a very thin domain wall based on the assumption that there is a domain wall pinned at 
the nanoconstriction and the width of the wall could be comparable to the spin relaxation 
length of the electron. This scenario of a very thin domain wall pinned at a 
nanoconstriction was supported theoretically by Bruno shortly afterwards [24] and was 
observed experimentally later by the magnetic force microscopy (MFM) [25]. Bruno’s 
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results showed that the domain wall structure in the nanoconstriction, which is different 
from the conventional Bloch wall and Neel wall, becomes almost independent of the 
material parameters, such as saturation magnetization, exchange stiffness, and anisotropy 
and is determined by the geometry of the nanoconstriction. In particular, the width of the 
geometrically constrained domain wall is determined by the length of the constriction and 
could be narrowed down to atomic scale. Further theoretical investigation by Tatara [23] 
indicated that the transport behavior of the electron crossing the domain wall evolves 
from diffusive behavior in the conventional Bloch wall and Neel wall to ballistic behavior 
in the nanoconstriction as the width of domain wall being narrowed down to atomic scale, 










 Figure 1.4 Magnetoresistive measurement of an electrodeposited Ni-Ni nanocontact [3]. 
Five successive measurements were performed.  
However, the abovementioned theory for explaining the origin of the BMR effect 
cannot predict the more recent observation of even higher MR ratios in the 
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electrodeposited Ni nanoconstrictions [3, 26], with the record value of 100, 000% [3], as 
shown in figure 1.4. Although Chopra et al. [3] insisted on attributing their observation to 
the domain wall scattering effect of several diffusive, semi ballistic or ballistic conductors 
connected in series or in parallel, it is hard to image the MR ratio of 100, 000% on 
consideration of the size of the nanoconstrictions (larger than 10 nm) and the lower spin 
polarization of Ni (42%). A possible explanation is that a dead layer of about 1 nm thick 
forms just at the constriction [26], due to the electrodeposition process, and acts as the 
non-magnetic spacer layer of CPP GMR trilayer. Another possibility is that some oxygen 
ions are trapped just at the constriction. According to electronic structure calculation [27], 
Ni ions would induce a very large local spin polarization to the oxygen, which would 
therefore be responsible for these very large MR ratios. Although the debate is still 
ongoing, there should be no doubt that the determination of the physical state in 
nanoconstriction is crucial to clarify the origin of the very large MR ratio. 
Very recently, Egelhoff et al. reported their investigation [4, 28], casting doubt on 
the quantum mechanical origin of Chopra et al.’s findings [3, 29]. They suggested that 
the very large MR ratio may not be BMR effect at all. Instead, it was due to the 
magnetostrictive effect by which a magnetic field pushing or pulling on a 
nanoconstriction can easily change its shape and resistance. After experiments on many 
nanoconstrictions fabricated by different methods, they concluded that in none of those 
samples did they find credible evidence for a BMR effect. However, they did find a 
number of artifacts due to magnetostrictive, magnetostatic and magnetomechanical 
effects which can mimic BMR effect. The work of Egelhoff et al. provided a new angle 
of understanding the origin of the large low-field MR ratio in magnetic nanoconstriction. 
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Most of the experimental works on the magnetic nanoconstriction are summarized 
in table 1.1, in term of the fabrication method, the materials used, the size of the 
nanoconstriction, and the measured MR ratio. Huge discrepancies can be seen among the 
results from different groups. This hot debate on the origin of the large MR ratio was 
highlighted in Nature [21]. The argument mainly focused on the physical state at 
nanoconstriction, behind which are different mechanisms. Therefore, investigation on the 
magnetic nanoconstrictions, of which the physical state could be easily known, would be 
helpful to clarify the origin of the so called BMR effect.    
 
1.1.3 Method for fabrication of nanoconstriction 
Until now, there have been many techniques used for the fabrication of 
nanoconstriction. These techniques can be roughly divided into three main categories, 
(See table 1.1) and are briefly introduced as follows: 
 Mechanical approach 
This category encompasses the formation of a contact between two ferromagnetic 
wires [2, 22, 23] (figure 1.5a), the formation of a contact between two tiny magnetic 
oxide crystals [5, 8], pressed powder compact [5] and break junctions [30] (figure 
1.5b). The concept of these techniques is relatively simple. However, for some cases 
it is not as easy as expected to realize it because of the very small size of the contact. 
For the case of a contact between two ferromagnetic wires [2], one of the wires was 
fixed whereas the other was anchored in a micrometer positioner. The contact was 
formed by adjusting the movable positioner while monitoring the resistance of the 
system. For the other case in which the nanoconstriction is fabricated through break 
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junction [31], a micrometer screw is used to drive the bending of the substrate, so that 
the break junction anchored on the substrate could be controlled.  
  The advantage of mechanical approach is the constriction of atomic size could be 
fabricated (estimated by the observance of the quantum conductance [2, 30]). 
Through coating magnetic oxide materials on to the metallic wire, nanocontacts of 
some simple oxides also can be fabricated [32]. However, due to the difficulty in 
being drawn into wires and the strict growing conditions, this approach is not 
comprehensively applicable to the fabrication of the nanoconstriction of complex 
oxide materials. More importantly, this kind of nanoconstriction is not stable for a 
long period of time [33] and many magneto-mechanical effects could not be ruled out 
though very large magnetoresistances were observed in these systems [28]. 
 Electrodeposition 
This technique was first used to fabricate Ni nanoconstriction between two 
electrodes arranged in a “T” configuration (figure 1.5c) [26]. In order to minimize the 
magneto-mechanical effect when measuring magnetotransport properties, much 
improvement has been done based on Garcia’s original work, including ferromagnetic 
nanoconstrictions electrodeposited on Cu wires [4, 34], ferromagnetic 
nanoconstrictions electrodeposited on Cu films anchored on wafers [34], 
nanoconstrictions electrodeposited between two ferromagnetic films connected by a 
pinhole through an insulating film (figure 1.5d) [35] and employment of conventional 
lithography to reduce the gap between two wires [36-38]. Though the size of the 
nanoconstrictions fabricated by this method is 10-30 nm, which is much larger than 
the spin relaxation length of most magnetic materials, they exhibited surprisingly 
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large MR ratio from 400% [26] to 100, 000% [3]. It is the same as the 
nanoconstriction fabricated through mechanical approach that the magneto-
mechanical effect also cannot be ruled out in the electrodeposited nanoconstrictions 
[28]. Besides, this method is not applicable to oxide magnets. 
 Conventional lithography 
Conventional lithography, including UV lithography, e-beam lithography, focus 
ion milling and etc., is most extensively used for the nanopattern fabrication. The 
biggest advantage of the adoption of conventional lithography in nanoconstriction 
fabrication is its planar fabrication process of thin films on wafers, which not only is 
compatible to the silicon-based electronic industry but also almost eliminates the 
magneto-mechanical effect in the magnetotransport measurements. The size of the 
nanoconstrictions fabricated by this method ranges from 20 nm to several hundred 
nanometers, depending on the resolution limit of the employed lithography (figure 
1.5e). Until now, no large magnetoresistances were observed [39-42] in the samples 
of this category except for one report on oxides [43]. 
In addition to the above introduced three major categories, one more method was 
used to fabricate Co nanoconstriction [40], as shown in figure 1.5f. It was fabricated by 
depositing a pillar of Co through a nanometer scaled hole made in a resist bilayer while 
monitoring the resistance. The nanoconstriction was formed through a contact of the 
growing pillar and the Co layer on top of the resist layer.  
 Table 1.1 Summary of the experimental findings reported in magnetic nanoconstrictions 
Method Materials Size of nano-constriction MR ratio Reference
Ni A few channels ~ 300%, RT*, 20 Oe [2] 
Co A few channels ~ 200%, RT, 120 Oe [23] 
Fe A few channels ~ 25%, RT, 1.0 kOe [22] 
CrO2 (a) ~ 1 channel 400%, RT, 100 Oe [32] 
Contact between two 
magnetic wires 
CrO2(a) – Ni ~ 1 channel 125%, RT, 100 Oe [32] 
Fe3O4  500%, RT, 70 Oe [8] Contact between two tiny 
crystals La0.7Sr0.3MnO3  80%, RT, 70 Oe [5] 
Pressed powder compacts Fe3O4  1~3%, RT, 1.0 kOe [5] 
Mechanical 
approach 
Break junction Ni ~ 1 channel 40%(b), RT, 3.0 kOe [30] 
Ni ~ 30 nm 14%, RT, 2.0 kOe [44] 
Ni ~ 30 nm 400%, RT, 720 Oe [26] 
Ni ~ 5 nm 200%(c), RT, 3.0 kOe [45] 
Ni ~ 11 nm 3000%, RT, 500 Oe [29] 
Electrodeposition between 
two ferromagnetic wires 
Ni ~ 30 nm 100, 000%, RT, 500 Oe [3] 
Ni ~ 10 nm ∞%, RT, 200 Oe [28] 









two ferromagnetic wires 
Co ~ 1 channel 300%(d), RT, 500 Oe [46] 
C
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 Two ferromagnetic films 
connected by a pinhole 
through an insulating film 
Ni 10~30 nm 14%, RT, 1.0 kOe 
 
[35] 
Fe ~ 10 nm 400%, RT, 600 Oe [34] 
Ni  0.1~0.4%, RT, 100 Oe [4] Electrodeposited on Cu wires
Fe  10~80%(e), RT, 3.0 kOe [4] 
Fe ~ 30 nm ~300%, RT, 400 Oe [34] Electrodeposited on Cu films 
anchored on wafer Fe21Ni79 ~ 15 nm 60%, RT, 200 Oe [34] 
Ni ~ 1 channel 80, 000%, RT, 100 Oe [37] 
Ni ~ 1 channel 70 %(f), RT, 3.0 kOe [36] 




deposition and conventional 
lithography 
Ni ~ 1 channel 20%, 10 K, 10 kOe [38] 
Ni 50 – 300 nm 3.0-1.8%, RT, 1.5 kOe [47] 
Ni80Fe20 50 – 300 nm 3.1-1.6%, RT, 1.5 kOe [47] 
Ni 300 nm ~ 1%, RT, 1.0 kOe [48] 
Co 30-100 nm < 1.0%
(g), 4.2 K-300 K, 2.0 
kOe [40] 
Permalloy 35 nm 18%, RT, 100 Oe [41] 






Conventional lithography (UV lithography, 
e-beam lithography, focus ion milling, 
reactive ion etching) 
Fe3O4 20 nm 8000% [43] 
C
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La0.7Sr0.3MnO3 20 nm 100% [43] 
Conventional lithography 
La0.7Sr0.3MnO3 90 nm 16%, RT, 200 Oe [39] 
Deposition of magnetic film onto edge of a 
hole of insulating membrane Co  
< 1.0%(g), 4.2 K-300 K, 2.0 
kOe [40] 
(c) MR ratio is independent of the size of nanoconstriction. (estimated from the resistance of the nanoconstrictions) 
(e) High voltage was used for the electrodeposition, the deposit is a granular assembly of particles.  
(g) The MR ratio was independent of the measuring temperature ranging from 4.2 K to 300 K. 
(b) The magnitude of the MR ratio is dependent on the direction of the external field. 
(f) The magnitude of the MR ratio is dependent on the direction of the external field. 
(d) Oscillation was observed in the size dependence of the MR ratio. 
(a) CrO2 thin layer was deposited onto the tip of Ni wires. 
 
* RT: room temperature 
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Figure 1.5 Several most frequently used methods for the fabrication of magnetic nano-
constriction.  (a) Two wires ending with rounded tips face each other and were push into a 
contact [33].  (b) By screwing the driving rod to bend the flexible substrate, the metallic 
wire is first elongated until break, and then brought back into contact to form a 
nanoconstriction [31]. (c) The electrodeposited Ni nanoconstriction is deposited in the gap 
between two Ni wires [29].  (d) nanoconstrictions are formed in the process of 
electrodeposition through pinholes in an insulating film [35]. (e) nanoconstriction 
fabricated by e-beam lithography [48]. (f) preparation of nanoconstriction using a hole in 
an insulating membrane while monitoring the resistance during deposition [40].  
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In summary, most of the works on magnetic nanoconstriction were focused on the 
conventional magnetic metal such as Ni, Co and Fe. For oxide materials, due to the 
difficulty in shaping them into tips, non-applicability of electrodeposition method and the 
very low rate of ion beam etching, a simple fabrication process with good reproducibility 
and good compatibility with microelectronic technology is not available yet. 
 
1.2 Colossal magnetoresistive manganite 
 Mixed-valence manganese oxide of perovskite structure with general formula 
RE1-xMxMnO3 (where RE is a trivalent ion like La, Nd or Pr, and M a divalent ion like Ca, 
Ba or Sr) have been extensively studied in the past decades. These compounds show a 
very interesting interplay between magnetism and transport whose most dramatic effect is 
the colossal magnetoresistance (CMR) observed in the vicinity of the Curie temperature 
Tc [49]. A variety of exotic ground states were observed in this system, for example spin, 
orbital or charge ordering [50] mediated by possibly cooperative Jahn-Teller distortions, 
or electronic phase separation [51], as results of the interplay of orbital, spin, charge and 
lattice degrees of freedom. The strongly correlated characteristic of the manganites and 
their great potential as spintronics materials for the future application make them one of 
the hottest topics of solid state physics. Several excellent review articles [51-57] and 
edited books [58, 59] on manganites are available with different perspective. Here a brief 
introduction will be given on the basic properties, theoretical models and recent progress 
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1.2.1 Basic properties of manganites 
The structure of the RE1-xMxMnO3 oxides is close to that of the cubic perovskite 
(figure 1.6). The large size RE trivalent ions and M divalent ions occupy the A site with 
12-fold oxygen coordination. The smaller Mn ions in the mixed-valence state Mn3+-Mn4+ 
are located at the centre of an oxygen octahedron, the B site with 6-fold coordination. For 
the stoichiometric oxide, the proportions of Mn ions in the valence states 3+ and 4+ are 








Figure 1.6 The ideal cubic perovskite structure, ABO3. A is a large cation, 
similar in size to O2-, B is a small cation such as Mn3+ or Mn4+, octahedrally-
coordinated by oxygen. 
 
 
 The real structure of the manganites is a distorted perovskite structure due to the 
cation size mismatch and the Jahn-Teller effect, and can be governed by the tolerance 
factor t = (rA + rO) / 21/2(rB + rO). (The perovskite structure is stable for 0.89 < t < 1.02) 
The B-site d orbitals overlap with oxygen p obitals to form nearly 180º bond. This Mn-O-
Mn bond angle and Mn-O distance can be strongly influenced by the internal pressure 
generated by A-site substitution with ions of different radii (different t value), leading to 
the change of eg bandwidth (in the band model) and thus very different magnetic and 
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transport properties. With the decrease of the radii of A-site ions, manganites change 
from large-bandwidth oxides (La1-xSrxMnO3) to intermediate-bandwidth oxides (La1-
xCaxMnO3) and finally to low-bandwidth oxides (such as Pr1-xCaxMnO3), showing a rich 
phase diagram. Figure 1.7 shows a phase diagram of the temperature versus tolerance 
factor for the system RE0.7M0.3MnO3 [60]. An apparent tolerance factor dependence of 












Figure 1.7 Phase diagram of temperature vs tolerance factor for the system 
RE0.7M0.3MnO3, where RE is a trivalent rare earth ion and M is a divalent alkali 
earth ion. PMI: Paramagnetic Insulator. FMI: Ferromagnetic Insulator. FMM: 
Ferromagnetic Metal [60] 
 
 
The properties of the manganites are also very sensitive to the doping 
concentration of divalent cation. Taking La1-xSrxMnO3 as an example [61], with the 
increase of the doping concentration from 0 to 0.4, it changes from an insulator in the 
whole range of the temperatures to a metal at room temperature, and its magnetic state 
changes from an antiferromagnetic state to a spin canted state, and to a ferromagnetic 
state finally with the maximum of Tc around x ≈ 0.33, as shown in figure 1.8. 
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Figure 1.8 (a) Temperature dependence of resistivity for La1-xSrxMnO3 crystals. 
(b) Electronic phase diagram of La1-xSrxMnO3. Open circles and filled triangles 
ar the Nėel (TN) and Curie (TC) temperatures, respectively. The abbreviations 
mean paramagnetic insulator (PI), paramagnetic metal (PM), spin-canted 















Figure 1.9 (a) Temperature dependence of resistivity for La0.8Sr0.2MnO3 crystals 
under various magnetic fields. (b) Correlation between the temperature 
dependence of resistivity and magnetic moment for La0.8Sr0.2MnO3. [61] 
 The most important property of the manganites, also why they are termed as CMR 
materials and attract much attention, is their colossal decrease of resistance in a magnetic 
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field near the Curie temperature, as shown in figure 1.9a for La0.8Sr0.2MnO3. More 
interestingly, the transport behavior in the large-bandwidth manganites shows a close 
interplay with the magnetization, as shown in figure 1.9b [61]. The resistivity shows a 
steep decrease in accord with the onset of the ferromagnetic magnetization, i.e., the Curie 
temperature TC and the metal-insulating transition temperature TP are almost coincident. 
This coincidence of the TC and TP and the colossal magnetoresistance became the starting 
point of many theoretical models which will be introduced later.  
 Another important property of manganites is their half-metallicity with high spin 
polarization at points far below the Curie temperature TC, which make them a promising 
candidate for the future spintronics application. A half metal means that the material is 
metal for one spin electrons while insulator for the other, as illustrated in figure 1.10c for 
the case T<<TC. The half-metallicity of the manganites is confirmed by many 































   
Figure 1.10 Spin-resolved photoemission spectra from a TC =350 K thin film 
sample of La0.7Sr0.3MnO3 at (a) T = 40 K and (b) T = 380 K. [62] (c) Schematic 
energy diagrams of the doped manganites at T<<Tc and at T>Tc. At T<<Tc, the 
carriers are spin polarized. At T>Tc, the manganite is insulating and non-
ferromagnetic. 
 
1.2.2 Double exchange interaction 
 In order to understand the strong correlation between metallic conductivity and 
ferromagnetism in doped manganites, Zener [65] proposed a model in terms of his theory 
of indirect magnetic exchange between 3d atoms, which remains at the core of our 





Figure 1.11 Schematic diagram of the double exchange mechanism. The two 
states Mn3+ - O2- - Mn4+ and Mn4+ - O2- - Mn3+ are degenerated if the manganese 
spins are parallel.  
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 Zener noted that, in doped manganites, the two configurations ψ1: Mn3+ - O2- - 
Mn4+ and ψ2: Mn4+ - O2- - Mn3+ are degenerate and connected by the so-called double 
exchange interaction. This interaction arises via the simultaneous transfer of an electron 
from the Mn3+ to the oxygen and an electron from the oxygen to the neighboring Mn4+ 
(figure 1.11). Zener points out that the degeneracy of ψ1 and ψ2, a consequence of the 
two valences of the Mn ions, makes this process fundamentally different from 
conventional superexchange. Because of strong Hund’s coupling, the transfer-matrix 
element has finite value only when the core spins of the Mn ions are aligned 
ferromagnetically, again distinguished from superexchange which favors 
antiferromagnetism. As usual, the coupling of degenerate states lifts the degeneracy, and 
the system resonates between ψ1 and ψ2 if the core spins are parallel, leading to a 
ferromagnetic, conducting ground state. If the manganese spins are not parallel or if the 
Mn-O-Mn bond is bent, the electron transfer becomes more difficult and the mobility 
decreases. Zener estimated the splitting of the degenerate levels to be given by the 
ferromagnetic transition temperature kBTB C and, using classical arguments, predicts the 
electrical conductivity to be σ = (xe /ah)(T2 C/T), where x is the doping and a is the Mn-Mn 
distance, which provided a qualitative description of the data then available.  
 When temperature is raised up to near or above TC, the configuration of the spin is 
dynamically disordered and accordingly the effective hopping interaction is also subject 
to disorder and reduced on average. This would lead to enhancement of the resistivity 
near and above TC. Therefore, the large MR can be expected around TC, since the local 
spins are relatively easily aligned by an external field and hence the randomness of the eg 
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hopping interaction is reduced. This is the simplest explanation of the MR observed for 
the manganites around TC in terms of the double exchange model. 
 
1.2.3 Phase separation scenario 
 While double exchange gives a nice intuitive picture for the coupling of the spin 
and charge degrees of freedom and for the trends in conductivity on going across 
transition, the magnitude of the effect is not well predicted [66]. From mid-1990’s, more 
elaborated models were proposed to explain the curious magnetotransport behavior of 
manganites, including Jahn-Teller effect which produces a strong electron-phonon 
coupling, magnetic polaron [67] which is a local distortion of the lattice around the 
charge, sometimes together with a magnetic cloud or region with ferromagnetic 







T > T* T* > T > TP T < TP
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Figure 1.12 Illustration of the formation of a percolation path with the decrease 
of temperature in phase separated manganites. [74] 
 
 
 Many recent theoretical studies [68-70] suggest that the ground states of 
manganites tend to be intrinsically inhomogeneous due to the presence of strong 
tendencies toward phase separation, typically involving ferromagnetic metallic (FM) and 
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antiferromagnetic charge or orbital ordered insulating domains. This phase separation 
model was further confirmed by a variety of characterizing techniques [71-73]. In this 
scenario, the concept of percolation and the temperature and external field dependence of 
the volume fraction of metallic phase p are the key ideas in understanding many novel 
phenomena in manganites. 
 Figure 1.12 illustrated the process of the formation of a percolation path with the 
decrease of temperature in phase separated manganites. At a very high temperature, the 
whole system is almost insulating (figure 1.12a). With the decrease of temperature, the 
volume of metallic phase increases with the appearance of many ferromagnetic metallic 
clusters (figure 1.12b). When the temperature is further decreased to M-I transition 
temperature TP, the volume of metallic phase increase to such an extent that a percolative 
path forms (figure 1.12c) with the resistance of the system dropping abruptly. The 
colossal magnetoresistance observed in manganites can be well understood with the idea 
of growth of ferromagnetic metallic domains under the applied field around TC till 
percolation occurs.  
 
1.2.4 Current status of the study of manganites 
After the huge effort made in last decades in the study of manganites, involving 
both experimental and theoretical investigation, much progress has been achieved ranging 
from the growth of the materials to the basic understanding of the magnetic and transport 
properties [51-59]. Recently the investigation on manganites focused on two areas: (i) To 
further extend the knowledge on the physics of this material, for instance, the role of the 
nanoscale inhomogeneous state in CMR materials [51], the existence of a new scale T* 
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[74, 75], where clusters start forming upon cooling, the nature of the ferromagnetic 
insulating phases [76], the glassy state in some manganites [77], the role of quenched 
disorder in CMR effect [78], the real origin of charge ordered CE phase [79], etc. and (ii) 
To realize devices of commercial importance, such as magnetic sensors, non-volatile 
MRAMs, and etc. 
In the middle of the 90’s, researchers at IBM fabricated LSMO/SrTiO3(STO) 
/LSMO all-oxide tunnel junction for the first time [80]. The difference in resistance 
between the antiparallel and parallel configurations of the moment in the LSMO 
electrodes produces a MR of 86% at 4.6K. However, the MR of such a device decrease 
more rapidly with increasing temperature than expected from the temperature dependence 
of the spin polarization of LSMO [62]. Later, by using a thinner STO tunnel barrier, 
Obata et al [81] pushed the temperature, at which the TMR response disappears, to 270 K. 
Through using water-cooled sample holder in the process of fabrication, Bowen et al [82] 
observed extremely large TMR responses up to 1800% at 4 K in 
LSMO/STO/LSMO/Co/Au devices. Moreover, the temperature dependence of the TMR 
in the optimally etched junction is shown to vanish only at T ~ 280 K. More recently, 
new half-metallic oxides with higher Tc were introduced in junctions. Large negative 
TMR values have been measured by Suzuki et al in Fe3O4/CoCr2O4/LSMO junction [83]. 
Under a field of 0.4 T, the TMR was 25% at 50 K and 0.5% at room temperature.   
Taking advantage of their structural compatibility, manganites were integrated 
with other perovskite oxides such as ferroelectric PZT, semiconducting Nb doped STO, 
to exploit new device concept. In an heterojunction La0.7Ca0.3MnO3 
(LCMO)/PbZr0.2Ti0.8(PZT)/Nb:STO, Wu et al. observed a dependence of resistivity of 
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the LCMO channel with the PZT gate on temperature [84]. A large electroresistance of 
76% at 4 x 105 V/cm was found and this electroresistive effect was complimentary to the 
CMR effect. More interestingly, rectifying behavior was found in manganites/ Nb:STO 
heterojunctions [85]. Large positive low-field magnetoresistance was observed in these 
heterojunctions at room temperature, which make them a potential candidate for the 
application of magnetic sensor. 
Compared with numerous publications on the manganites of bulks and thin films, 
the report on the lower dimensional systems of manganite is much scarce even though 
there are some evidence showing that this kind of system has better performance than 
bulks and thin films [39, 43, 86].  In the La0.67Ca0.33MnO3 nanowires fabricated by using 
anodized alumina templates, higher Curie temperature than that of bulks and thin films 
was observed [86]. In La0.7Sr0.3MnO3 bridges with nanoconstrictions, large low-field 
magnetoresistance (16%) was obtained at room temperature [39]. To meet the 
requirement of the application in future electronics, much more investigation are needed 
on the properties of the manganites and their relationship in lower dimensional systems. 
 
1.3 Objectives and significance of the study 
Nowadays, the investigations on the magnetic nanoconstriction are focused on the 
transitional magnetic metals such as Fe, Co and Ni to clarify the origin of the large low-
field MR ratio observed in these systems. Comparatively, study on oxide 
nanoconstriction is scarce despite their higher spin polarization, probably due to the 
difficulty in fabrication and reproducibility. Therefore, the main objectives of this 
research lay in two aspects listed as follows: 
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I. Develop a simple but effective method via nanosphere lithography to fabricate 
magnetic nanoconstriction, especially for oxide materials. In this work, pulsed 
laser deposition (PLD) was used to grow LSMO thin film due to its simplicity and 
excellent stoichiometry control and nanosphere lithography (NSL) was used to 
pattern the film into nanoconstrictions because of its simplicity and the low cost.  
II. Investigate the magnetotransport properties of the LSMO nanoconstriction array 
fabricated by NSL method. In this research, the LSMO nanoconstriction arrays of 
several different physical states were studied, including oxygen deficient state, 
stress induced phase separated state, oxygen deficiency induced phase separated 
state, and intrinsic state. Although the size of the nanoconstrictions studied in this 
thesis is sub-100 nm, which is much larger than atomic scale, it is comparable to 
many characteristic lengths such as size of the phase separated domains, size of 
the magnetic domains etc. Therefore, the investigations of the nano-constrictions 
under this length scale may also give some helpful information to clarify the 
origin of the large low-field MR ratio in these systems, whether it is due to the 
defect physical state at the nanoconstriction or due to intrinsic size effect.  
The new approach developed in this work could provide a novel platform for the 
investigation of low dimensional multicomponent oxide materials including 
magnetoresistive manganites, superconducting cuprates, and other perovskite oxide 
materials. The results of this work may shed some light on the magnetotransport 
behavior in strongly correlated oxide systems in nanoscale. 
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Chapter 2 Apparatus for sample preparation and    
characterization 
In this chapter, the apparatus and experimental setup used for the fabrication of 
La0.67Sr0.33MnO3 nano-constriction array (section 2.1), crystal structure and morphology 
characterization (section 2.2) and transport properties measurement (section 2.3) will be 
introduced. The basic working principle and a brief description of instrumentation will be 
given for each apparatus and experimental setup.  
 
2.1 Apparatus for sample preparation 
 In this work, the sample preparation was a multi-step process in series, 
encompassing the thin film deposition, the fabrication of nanoconstriction array through 
nanosphere lithography and patterning the sample for transport properties measurement. 
The followings are the descriptions of the equipments and facilities used in this process. 
 
2.1.1 Pulsed laser deposition 
 In this work, pulsed laser deposition (PLD) technique was adopted because of its 
advantage in controlling the stoichiometry of multicomponent compound. This technique 
was first developed in 1960’s [1], but was not widely used at that time because of the 
poor quality of the fabricated film due to lack of suitable laser source. Only after the 
advancement of the laser technology in the 1970’s, when powerful UV laser using 
excimer gases with shorter laser pulse (< 10 ns) and higher energy (>106 W) were 
available, it became possible for congruent vaporization and the ignition of the plasma [2]. 
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Subsequently, the successful synthesis of the YBa2Cu3O7-δ in the year 1987 highlighted 
the advantages of PLD in fabricating multi-component complex materials [3]. 
The basic principle of the PLD deposition process can be explained as follows. A 
high energy laser beam is first focused and incident on the target surface with an angle of 
about 45º. The high beam energy with a short duration yields an extremely high power of 
the orders of ~ 108 W/cm2, so that a plasma region was instantly generated near the 
surface of the target. This plasma expands perpendicularly to the target surface like a 
shock wave and forms a plume. The plume consists of species ejected and ablated from 
the target, which includes atoms, ions, molecules, and even clusters of the target material. 
These species react with the ambient gas introduced and reach the substrate with a high 
kinetic energy of about 10 eV, and deposit on the substrate surface.  
 Compared with other techniques for thin film fabrication, PLD has some 
advantages as follows [2, 4]: 
1) the ability to fabricate thin film with very complex stoichiometry from the bulk 
materials; 
2) an laser energy source that is decoupled from the deposition environment; 
3) wide range of ambient reactive gas pressure ranging from ultra high vacuum to ~ 
1.0 Torr; 
4) relatively high growth rate of around 1 – 5 Å per pulse; 
5) no ultrahigh vacuum requirement; 
6) relatively simple fabrication setup for in-situ growth of different material into 
multilayer thin film structure; 
7) reduced film contamination due to the usage of light for promoting ablation. 
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Although the PLD technique does have its limitations [2] such as particulates ejected 
from target materials and relatively small deposition area, these limitations were bearable 


































In Figure 2.1, a diagram of a typical PLD system is presented. A high energy KrF 
excimer laser (pulse duration 30 ns, wavelength 248 nm, Lambda Physik Lextra 200) was 
used in this work. The laser is first focused through a focusing lens outside the vacuum 
chamber onto the target. The target holder was customized such that it can hold up to 4 
different targets inside the chamber, which is convenient for the in situ multilayer 
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deposition. The target was rotated around its axis during the pulsed laser deposition to 
minimize the large particulate splashing effect and to achieve a more uniform ablation of 
the target. A heater (also as a sample stage) is mounted opposite to the target with the 
typical distance between them around 4 to 5 cm. A thermocouple (NiCr-NiSi) is mounted 
at the back of the heater to monitor the temperature of heater. The chamber can be 
pumped down to a vacuum of around 1×10-6 mbar by a turbo molecular pump backed by 
a rotary pump.  
There are several processing parameters that affect the deposition and growth 
structure of the thin film. Those process parameters can be listed as bellow: 
1) Laser power, wavelength, pulse length and repetition rate; 
2) Interaction of the laser with the target such as the laser density, spot size, angle of 
incident and physical properties of the materials; 
3) Interaction of the resulted plasma gas with the ambient gas, target to substrate 
distance, angle of incident between the plasma and the substrate; 
4)  Substrate lattice parameter, thermal conductivity, thermal expansion coefficient 
and temperature. 
There is only little or no correlation between these process parameters which make the 
PLD very versatile in producing high quality thin film.  
 
2.1.2 Ion beam etching and reactive ion etching 
Ion beam etching (IBE) is one of the most commonly used dry etching processes 
to achieve high aspect ratio patterns in semiconductor industry [5, 6]. The principle 
mechanism of ion beam etching is directing high energy ions towards a solid and the 
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etching is accomplished by momentum transfer (sputtering). Figure 2.2 shows a 
schematic of an IBE system. The sample to be etched is placed in a vacuum chamber in 
front of the broad beam ion source. Ions (typically argon) are generated inside the ion 
source and are accelerated into a broad parallel beam, and to a defined energy, by the 
extraction grids in the front of the source. If an inert gas such as argon is used, the 
process is relatively slow. The etching rate of various materials varies considerably and is 






   
 
 
The IBE system used in this work was a home designed system equipped with an 
RF ion source (Oxford Applied Research) which operates by means of an electrical 
discharge created from the inductive coupling of an RF excitation coil. The working gas 
is argon. In this work, the IBE system was used to fabricate the nanoconstriction array 
and pattern the sample for transport properties measurement. 
To improve the poor selectivity of IBE process and avoid lateral damage from the 
high energy Ar ion bombardment that can modify the properties of some materials, 












Figure 2.2 Schematic of ion beam etching system 
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plasma with different types of gas in order to combine ion beam milling and chemical 
reaction between active species and the surface materials. In this work, RIE process was 
used to reduce the dimension of SiO2 microspheres while leave the underlying LSMO 
thin film intact. A Japan-made RIE system (SAMCO) was employed in this work and 
CF4 was introduced as working gas for SiO2 etching. The etching reactions are: 
24 2 CFFCF +→    (Eq. 2.1) 
OSiFFSiO 24 42 +↑→+   (Eq. 2.2) 
Sometime, an oxidizing agent such as O2 is added to a CF4 glow discharge to increase the 
amount of free F through the formation of oxyfluorides from fluorocarbon: 
224 2 COFFOCF +→+   (Eq. 2.3) 
 
2.1.3 Photolithography 
 Photons have been used for many years to induce chemical reactions in 
photographic materials [7] or resist polymers [8]. The lithographic technology – 
photolithography – based on this process uses a mask or aperture to localize the 
photochemistry spatially. It is an invaluable tool for microfabrication in a broad range of 
applications in science and technology and one of the most widely used and highly 
developed technologies now practiced [9]. Although a scanned aperture (or a stationary 
aperture and a scanned sample) can be used to write arbitrary patterns, the predominant 
use of photolithography is to replicate a pattern on a mask into a layer of photoresist. In 
this case, the image of the mask is reduced (usually by a factor of 4) and projected onto 
the resist with an optical system (projection mode photolithography) or the mask is 
placed in physical contact with the resist (contact mode photolithography). Mainly for the 
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reason of defect density, contact mode photolithography is no longer used in the IC 
industry, but remains a very common practice in research labs and universities.  
 In this work, contact mode photolithography (with UV light) was adopted to 
pattern the samples for transport properties measurement. In this process, the feature size 
of the pattern is primarily determined by the features on the mask. The equipment used in 
this process consists of mask aligner (Q-2001CT), oven, spin coater and measuring 
microscope. 
 (II) Spin Coating (I) Cleaning, Dehydrate 
 
 
(IV) Exposure (III) Prebake  
 
 




(i) Deposition (i) Etching 




(ii) Lift-off  
 
 
Figure 2.3 Typical process steps involved in lithographic processing. 
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 Figure 2.3 shows typical process steps involved in photolithographic processing. 
Firstly, the samples to be patterned are cleaned and dehydrated. Then by using spin coater, 
a very thin layer of photoresist is coated onto the sample surface, the thickness of the 
photoresist layer is dependent on the viscosity of the resist, the spinning rate and time. 
The sample is mildly baked in the oven at a certain temperature for a period of time to 
remove the resist solvent and harden the photoresist and then exposed to UV light 
through a mask. Upon sufficient exposure, the polymer chains in the resist are either 
broken (positive resist), or become cross-linked (negative resist, poorer resolving power). 
By choosing the right developer, temperature and developing time, one can obtain a 
pattern in the resist. Pattern transfer can be realized in two general processes: from the 
resist to an unpatterned film by wet or dry etching; or post deposition onto patterned 
resist by lift-off. 
 
2.2 Apparatus for crystal and microstructure characterizations 
2.2.1 X-ray diffractions 
  X-ray diffraction (XRD) is a conventional method to characterize crystal 
structures [10]. In Gonio (θ-2θ) scan experiments, a collimated beam of x-rays with 
wavelength λ is incident on a sample and is diffracted by the crystalline structures of the 
sample according to Bragg’s Law 
2dsinθ = nλ,  (Eq. 2.4) 
Where d is the spacing between atomic planes in the crystalline phase, θ is the 
angle of incidence, and n is an integer. The intensity of the diffracted x-rays is recorded 
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as a function of the diffraction angle 2θ. A schematic diagram of the θ-2θ scan is shown 





















In this work, a Philips PW1710 diffractometer was employed with a Cu Kα 
radiation source (λ=1.54056 Å), combined with the PC-APD analytical software for peak 
identification. The scan mode used in this work was θ-2θ. Generally we select the step 
size of 0.02º and time per step of 1.0 second. In a XRD measurement for epitaxial thin 
film, the surface of the thin film must be parallel to the reference plane. Different from 
the case of powers, in which reflections of all the planes can be recorded in the θ-2θ scan, 
for an epitaxial thin film the only atomic layers that can fulfill the Bragg’s diffraction 
condition are those parallel to the reference surface.  
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2.2.2 Morphology characterizations 
 In order to investigate the microstructure of the thin film and the pattern of 
nanoconstrictions array, two characterization methods, namely field emission scanning 
electron microscope (FESEM) and atomic force microscope (AFM), were employed in 






















Figure 2.5 is a schematic diagram showing the main components and the mode of 
operation of a simple SEM [11]. The electron gun is usually of the tungsten filament 
thermionic emission type, although field emission gun sources are increasingly being 
used for higher resolution and brightness. The electrons are accelerated to an energy 
which is usually between 1 keV and 30 keV. The electrons are then focused through a 
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series of magnetic lenses onto the sample. The bombardment of the electrons will cause 
backscattered electrons and secondary electrons to be emitted from the sample surface. 
These backscattered and secondary electrons are collected and analyzed. Since the 
backscattered and secondary electrons that are collected usually come from the surface of 
the film, the image formed would normally reflect the surface information of the sample. 
The SEM facility used in this work was JSM-6700F by JEOL Ltd., Tokyo, Japan. 
The SEM machine is run by a field emission electron gun at 5 kV to 20 kV at a current of 
5 μA to 20 μA depending on the condition of the sample. For insulating materials, a very 
thin layer of gold or platinum should be coated onto the surface of the sample for better 
conduction of electrons before it is examined using SEM. The conductive coating 
prevents the build up of electric charge on the sample that would affect the quality of the 
SEM imagining. 
AFM technique is also widely used to obtain the surface morphology of the 
sample [12]. In AFM characterization, a very sharp probe, usually made of silicon nitride, 
is positioned on the surface of the sample. A constant force is then maintained between 
the probe and the sample surface while the probe is scanned across the sample surface. 
By monitoring the probe as it is scanned across the sample, a 3-dimensional image of the 
sample surface can be constructed. The constant force is maintained constant by 
measuring the level of the reflected laser from the probe with a “light lever” sensor. The 
signal is then fed into a feedback unit that controls the piezoelectric driver unit of the 
probe. The AFM machine used in this work was the D3000 system manufactured by 
Digital Instruments.  A diagram of the AFM is shown in Figure 2.6.  
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Figure 2.6  Schematic drawing of an atomic force microscope operating in tapping 
















There are two operation modes that can be used for scanning the surface 
morphology of the sample, which are the contact and tapping mode [13]. In the contact 
mode, the tip of the probe is scanned at a near proximity of the sample surface. The 
feedback systems of the AFM monitor the force between the tip and the sample and 
adjust the piezoelectric driving unit accordingly. The advantage of using contact mode is 
that we can obtain a better contrast and closer morphology details of the sample surface. 
However since the tip is placed very near to the sample, there are the possibilities of the 
tip picking up the sample debris or losing the contact when the surface is too rough. In 
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the tapping mode, the tip of the AFM probe is oscillated at a frequency near the 
resonance of the AFM probe. The tip is then placed at a much elevated position on top of 
the sample. The AFM feedback systems monitor the changes in the resonance frequency 
and adjust the position of the tip accordingly. The advantage of the tapping mode is that 
one can prevent any scratching of the sample as well as maintaining contact with the 
sample even if the surface roughness is high.  
The advantage of AFM over SEM is that the sample does not need to be 
conductive. And the AFM images are 3-dimensional, rather than 2-dimension of SEM 
images. However the resolution of the AFM highly depends on the surface roughness of 
the sample and the scanning field of AFM are usually smaller compare to SEM. 
 
2.3 Magnetic property characterization 
In this work, a vibrating-sample magnetometer (VSM) was employed for the 
magnetic characterization of the samples. The VSM measures the magnetic induction or 
magnetization based on the Faraday’s law  
 dV N NA
dt dt
dBΦ= − = − , (2.5) 
 1B Vdt
NA
= − ∫ , (2.6) 
where V is the voltage induced in the circuit, Φ is the magnetic flux passing through a 
coil of N turns, dΦ/dt is the rate of the change of the flux, A is the cross-section area of 
the coil, and B is the magnetic induction. It describes that the voltage induced in an 
electrical loop circuit is proportional to the rate of change of magnetic flux linking the 
circuit.  
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The vibrating-sample magnetometer (VSM) was first described by Foner [14]. The 
sample is placed in a magnetic field, and is subjected to a sinusoidal vibration motion 
during the measurement. This induces a voltage in the pick-up coils, which is 
proportional to the magnetic moment of the sample as shown in Eq.(2.5). VSM measures 
the difference in magnetic induction between a region of space with and without the 
specimen. Therefore VSM gives a direct measure of the magnetization and is well suited 
for the determination of the saturation magnetization. The model used in this study can 
generate magnetic field of up to 1.4 T (VSM Model 880, Digital Measurement Systems 
Division of ADE). 
 
2.4 Transport properties measurement system 
 The transport properties measurement is one of the important part of this thesis. It 
consists of the I-V characteristics measurement under different temperatures and 
magnetic field, the temperature dependence of the resistance of the sample at different 
biased current (or voltage) and magnetic field, and the magnetic field dependence of the 
resistance of the sample at different bias current and temperatures. 
 The entire system for the transport properties measurement is home-designed and 
home-set-up with the employment of a pair of current driven magnets (Walker Scientific 
Inc.), a Lakeshore 340 temperature controller, a Keithley 220 programmable current 
source, an Advantest R6142 programmable DC voltage/current generator, a Keithley 181 
nanovoltmeter, a Keithley 2182 nanovoltmeter, a normal Gaussmeter and a computer. All 
of instruments are controlled by the computer through GPIB interface using Labview 
programming [15], and the data collection is automatic according to the preset parameters.  
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The magnitude of the magnetic field in this system ranges from zero to 1.2 Tesla with the 
control precision of 0.1 Oe. The temperature range is 78 K to 400 K with control 
precision of 0.1 K [16].  
 The design of the measuring stick is shown in figure 2.7. The thin film sample 
could be greased to the copper holder by using silicone heat sink paste to ensure a good 
thermal contact. The temperature sensor, a silicon diode used in this system, is stuck to 
the back of the copper holder using sliver paint. It is important to keep the temperatures at 
the place of sample and sensor almost the same all the times. A heating coil is wrapped at 
the end of the stick near the sample stage in order to control the temperature ramp. Four 
enameled copper wires with diameter of 0.1 mm are soldered with one end wiring all 
kinds of instruments while the other end are pressed onto the thin film by using indium. 
The whole stick can be sealed by a quartz tube and an O-ring. Usually the sample is kept 
at vacuum state to prevent the vapor from impairing the film at low temperatures. 
Sometimes when a faster cooling down or a better thermal conduction is needed, helium 
can be introduced into the tube.  
Apart from contact resistance, another error that usually occurs in the resistance 
measurement is the error originating from the thermal potential even though the four-
probe technique is used. When the sample is not in the thermal equilibrium state, a 
thermal potential difference will often be introduced resulting from the temperature 
difference between the two voltage probes. Therefore, the temperature ramp should be set 
small to make sure the sample is at a thermal equilibrium state and the temperature 
difference of the two voltage probes is minimized. In this thesis, we keep the temperature 
ramp rate at 4.0 K/min.  
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51 
A prerequisite of four-probe measurement is that the shape of the sample should 
be symmetric, usually circles or squares. This is due to the geometry dependence of the 
current distribution in the sample. An alternative method is to pattern the thin film into a 
narrow bridge of about 20 μm in width and 50 μm in length by using the conventional 
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Chapter 3 Fabrication of LSMO nanoconstriction array 
via nanosphere lithography 
The fabrication of nanopatterns of multicomponent oxides with the lateral size of 
sub-100 nm in a cost-effective way is still a challenge in this area. In this thesis, 
nanosphere lithography, an integration of top-down and bottom-up techniques, is intro-
duced and demonstrated for the fabrication of nanopatterned multicomponent oxide thin 
film – LSMO nanoconstriction array. At the beginning of this chapter, an overview of 
nanofabrication techniques will be given, followed by the introduction of the nanosphere 
lithography and its application in the fabrication of LSMO nanoconstriction array. 
 
3.1 Overview of the nanopattern fabrication 
 There are a wide variety of techniques that are capable of creating nanostructures 
with various degrees of quality, speed and cost. These techniques fall into two categories: 
top-down and bottom up [1]. The top-down approach involves molding or etching 
materials into smaller components. This approach has been extensively used in the 
traditional microelectronics fabrication [2]. On the other hand, a bottom-up approach 
involves the building of structures, atom by atom or molecule by molecule, by taking 
advantage of naturally occurring physical, chemical, and biological process, as 
demonstrated in the  self-assembly techniques [3]. 
 Photolithography employs exposure of resist materials by energetic photons (ultra 
violet, extreme ultra violet, and X-ray). This exposure introduces a latent image (usually 
a difference in solubility) into the material as a result of a set of chemical changes in its 
molecular structure and this latent image is subsequently developed into relief structure 
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through etching. Generally, the resolution of the lithography improves as the wavelength 
of the illumination light decreases. Over the past few decades, illumination lights of ever-
shortened wavelengths were introduced successively to improve resolution, such as KrF 
excimer laser (λ ≈ 248 nm), ArF excimer laser (λ ≈ 193 nm), F2 laser (λ ≈ 157 nm), 
extreme ultra violet (λ ≈ 1 – 100 nm), and X-ray (λ < 1 nm). It is problematic that for 
each of these lights of different wavelengths, new materials for lenses and masks and new 
photoresist chemistry are needed. Furthermore, at short wavelengths, mask and 
photoresist materials are real challenges [2].  
 Energetic particles – electrons, ions, and electrically neutral metastable atoms – 
can also be used to form patterns with nanometer resolution in appropriate resist films. 
These approaches are attractive, in part, because the de Broglie wavelengths of these 
particles are sufficiently short (<0.1 nm) that they minimize the effects of diffraction that 
currently limit many photolithographic techniques. In addition to the employment in the 
projection lithography, same as photon in photolithography, electron beam and ion beam 
also can be focused and shaped into a spot of 10 nm or so in diameter which can be used 
to directly write pattern information by exposing electron sensitive resist layer [4] or 
etching away atoms from the target surface [5]. These methods can provide resolution 
(~10 nm) [5, 6] higher than that required by the IC industry for the foreseeable future. 
The direct-writing techniques are also versatile for the fabrication of well-defined 
arbitrary element shapes and array configurations. Despite the serial processing and the 
resultant low throughput, the direct writing with focused beams of electrons and ions will 
remain indispensable tools for generating and repairing masks or masters with nanometer 
features in the foreseeable future. 
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 In order to circumvent the limitations faced by photolithography, which is based 
on the physics of diffraction and of interaction of high energy photons with matter and 
may be difficult to overcome, some promising nonphotolithographic methods for 
nanofabrication methods were proposed, including printing [7], molding [8], and 
embossing [9]. In fact, replica molding (or cast molding) with an ultra violet (or 
thermally) curable precursor material and embossing (or imprinting) with a rigid master 
have already been widely used in industry to manufacture microstructures and some 
nanostructures, such as diffraction gratings, holograms, and compact disks. In these 
techniques, the resolution is mainly determined by van der Waals interactions, wetting, 
kinetic factors such as filling of the capillaries on the surface of a master, and the 
properties of materials. Structures less than 10 nm in dimension have been fabricated by 
using nanoimprinting technique [10]. Due to low cost, high throughput and large 
patterning area, these techniques appear to be poised to become a plausible nano-
manufacturing technology. 
 Another nonphotolithographic method is scanning probe based techniques [11-13] 
which take advantage of the atomic resolution of the scanning probe microscopy. The 
advantage of these techniques includes resolution, for AFM and STM methods, 
approaches the atomic level, the ability to generate features with nearly arbitrary 
geometries, and the capability to pattern over surface topography that deviates 
significantly from planarity. However, the very low throughput and small patternable area 
make these techniques only for laboratory use until now. 
 Compared with the techniques described above (top-down techniques), self-
assembly is a radically different concept [3]. In self-assembly, subunits (molecules or 
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meso-scale objects) spontaneously organize and aggregate into stable, well defined 
structures based on noncovalent interactions. The information that guides the assembly is 
coded in the characteristics of the subunits (for example, topographies, shapes, surface 
functionalities, and electrical potentials), and the final structure is reached by 
equilibrating to a sub-stable state.  The concept of self-assemblay originates from 
biological processes such as the folding of polypeptide chains into functional proteins and 
chains of RNA into functional t-RNAs [14], and now is employed to fabricate two- and 
three-dimensional structures with dimensions ranging from molecular, through 
mesoscopic, to macroscopic sizes [15]. However, in contrast to the top-down 
technologies, the investigation of self-assembly is still in its infancy. 
 Very recently, nanosphere lithography, a new nanofabrication approach based on 
the integration of top-down and bottom up techniques, was proposed to realize massively 
parallel nanofabrication through a simple way [16]. The evolution of this new-emerging 
technique is still ongoing. It is believed that this simple technique can replace, at least 
partly, complex and high-cost advanced lithographic techniques. 
 
3.2 Nanosphere lithography 
 Nanosphere lithography (NSL) was first proposed by Deckman [16] in 1982. The 
general idea of nanosphere lithography is outline in figure 3.1. A solution containing 
nanometer-scale spheres is dropped onto an atomically flat substrate and these 
nanospheres self-assembled into a hexagonally close packed monolayer of nanospheres 
upon drying or spinning. Subsequently, this monolayer of nanospheres is employed as a 
mask for etching or thin film deposition which proceeding through the interstices 
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between the spheres. After removal of the monolayer of nanospheres, a periodic array of 
nanopattern can be obtained on the substrate. The lattice spacing can be tuned by the 
choice of the diameter of the nanospheres which are commercially available with the size 


















Figure 3.1 Typical procedure of NSL process (left: side view, right: top 
view). (i) atomically flat substrate; (ii) deposition of monolayer of 
nanospheres; (iii) thin film deposition masked by the monolayer; (iv) 




 In general, the use of interstices for deposition or etching can facilitate the 
formation of dot array with smaller feature size compared to the spheres. Therefore, at the 
beginning stage of the application of NSL, the investigation was mainly focused on the 
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fabrication of metallic dot array, such as Au [17-19], Ag [20, 21], Co [17] and etc., to 
explore the size dependence of the magnetic or optical properties. Some of the metallic 
dot arrays can be further adopted as catalysts for the patterned growth of other functional 
materials. For example, carbon nanotubes were grown on nickel nanodots which were 
pre-deposited through a monolayer of nanospheres [22]; a zinc oxide nanorod array was 
also fabricated this way catalyzed by an Au nanodot array [23].  
 Combining the employment of the monolayer of nanospheres and the tilted 
etching or deposition, NSL become more versatile in fabricating patterns other than 
triangular dot. Kosiorek et al. [24] proposed and demonstrated that by varying the 
position of the substrate with respect to the evaporation source during the sample 
preparation, nanoscaled cups, rods and wires could be obtained. The same research group 
also demonstrated a metallic nanoring array through a modified NSL process [25]: firstly, 
a monolayer of nanospheres was annealed at a certain temperature so that the polymeric 
spheres deformed and the size of the interstices reduced in a controlled fashion; then 
rotated deposition at a tilted angle through the interstices of controlled size produced a 
nanoring array.  
 In addition to its application in fabricating two-dimensional nanostructures, NSL 
is also used to fabricate many three-dimensional nanostructures. Wang et al. 
demonstrated large scale fabrication of ordered nanobowl arrays [26]. The process starts 
with a self-assembled monolayer of polystyrene spheres, which is used as a template for 
atomic layer deposition of a TiO2 layer. After ion-milling, toluene-etching, and annealing 
of the TiO2-coated spheres, ordered arrays of nanostructured TiO2 nanobowl arrays were 
obtained. By infiltrating FePt nanoparticles into the voids in an ordered multilayer of 
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nanospheres and then removing the nanospheres by a heat treatment, Iskandar et al. [27] 
fabricated a three-dimensionally ordered macroporous FePt film which shows a larger 
coercivity compared with continuous film. 
 Compared to the other nanofabrication techniques, NSL has a few advantages 
[28]: First, NSL is a cost-effective process to fabricate nanoscale functional patterns. 
NSL uses a small amount of nanosphere suspensions to generate a regular nanosphere 
array, and the nanosphere suspensions are commercially available at a relatively low cost. 
Complex equipment is not required to create patterns with features on a scale of several 
tens of nanometers. Second, NSL is a simple process. Template formation via self-
assembly can be achieved readily by dip-coating or spin coating. Third, the feature scales 
in NSL are controlled simply by changing the size of the nanospheres and can be reduced 
to several tens of nanometers. In particular, some special modification such as annealing 
of the particle array or tilted deposition can also modulate the feature size. Fourth, three-
dimensional complicated structures can also be fabricated by NSL. 
 In this work, NSL technique was adopted with some modification to fabricate 
nanoconstriction of perovskite oxide LSMO. Firstly, we choose to use pulsed laser 
deposition (PLD) technique, rather than evaporation or sputtering, to deposit thin film 
due to its good reputation of keeping stoichiometry of the film with respect to target 
material. Secondly, SiO2 microspheres, instead of polystyrene microsphere, were used as 
mask for ion beam etching due to its low etching rate and for PLD on the consideration of 
high temperature which is necessary for epitaxial growth of LSMO. Thirdly, before thin 
film deposition, the dimension of the microspheres was reduced by reactive ion etching 
(RIE), so that nanoconstrictions could form between every two microspheres. 
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3.3 Three fabrication processes based on NSL technique 
In this work, we developed three fabrication processes by integrating PLD, NSL, 
and RIE techniques for the fabrication of LSMO nanoconstriction array. The first process 
simply employs a monolayer of close-packed SiO2 microspheres as mask for ion beam 
etching of LSMO thin film. The second process uses a monolayer of SiO2 microspheres, 
the dimension of which can be tuned through RIE process, as mask for LSMO thin film 
deposition using PLD technique. The third process is the combination of the first and the 
second ones. It firstly employs the second process to fabricate a nanopatterned STO thin 
film on top of a continuous LSMO thin film and then this nanopatterned STO thin film is 
used as a hard mask for ion beam etching of the underlying LSMO thin film. All of the 
three processes show capability of fabricating LSMO nanoconstriction with the lateral 
size smaller than 100 nm. The different physical states at the place of nanoconstrictions 
fabricated through different process provide opportunities to investigate their roles in the 
magnetotransport behaviors in the nanoconstricted systems. In the following subsections, 
the experimental details of the deposition of LSMO thin film by using PLD technique and 
the fabrication of self-assembled monolayer of nanosphere (or microsphere) will be given 
first, followed by the detailed description of the development of the three fabrication 
processes including the design ideas, experimental details, and the advantages and limits 
of every process. 
 
3.3.1 LSMO thin film deposition 
 In this work, PLD technique was employed to deposit LSMO thin film because of 
its capability of controlling the stoichiometry of multi-component compound. After 
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decades of development, the deposition of high quality of LSMO thin film on the 
structure-matched substrate (STO [100] or LAO [100]) by PLD is now a routine job [29]. 
The experimental procedure and condition used in this work is described as follows: a 
stoichiometric bulk LSMO was used as target and STO [100] was used as substrate; the 
deposition conditions were a substrate temperature of 750°C in an oxygen partial pressure 
of 0.2 ~ 0.3 mbar; the energy density per pulse was about 1.5 Jcm-2 and the pulse 
repetition rate is 5 Hz; then the deposited films were annealed at 750°C under oxygen 
pressure of 1 atm for 1 hour. Figure 3.2 shows the XRD pattern of an LSMO thin film on 
STO [100] substrate. It can be seen that the thin film is highly oriented with (001) 
direction.  

















































 Figure 3.2 XRD pattern of an epitaxial La0.67Sr0.33MnO3 thin film on 
STO (001) substrate. 
 
The magnetic properties of the LSMO thin film on STO [100] was characterized 
by VSM, as shown in figure 3.3。The film exhibits easy in plane magnetic anisotropy. It 
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is due to the tensile stress of LSMO thin film on STO [100] substrate [30]. The nearly 
square in-plane loop and the low remanence magnetization and high saturation field (0.7 
Tesla) of the out of plane hysteresis loop confirm this observation. The saturation 
magnetization is 400 emu/cm3, and the coercive field is around 10 Oe. The observation is 














































Figure 3.3 Magnetization hysteresis loop of LSMO film measured at 300 K 
with magnetic field along [100] direction (in plane). Inset: Magnetization 
hysteresis loop of the LSMO film at 300 K in magnetic with magnetic field 
along [100] (in plane) and [001] (out of plane) respectively. 
Figure 3.4 shows the temperature dependence of resistance of LSMO thin film at 
different magnetic field. It can be seen that the metal to insulator transition temperature 
TP is beyond 350 ℃. The applying external magnetic field lowers the resistance of the 
thin film significantly at the temperatures near TP, leading to a colossal 
magnetoresistance (CMR). While at low temperatures, no apparent magnetoresistive 
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effect was observed, This is the intrinsic magnetortransport behavior of epitaxial LSMO 
thin films and bulk LSMO single crystals [32]. 
  























Figure 3.4 Temperature dependence of resistance of LSMO thin film at 











3.3.2 Deposition of monolayer of hexagonally closed-packed microspheres 
The deposition of monolayer of hexagonally closed-packed microspheres (or 
nanospheres) is at the central position of the NSL method. Almost all of the modifications 
of the NSL technique for the fabrication of different patterns are based on this basic step.  
So far, there are several typical strategies for fabricating a 2D microsphere array, 
including hand-drop-coating, floating on an interface, electrophoretic deposition, physical 
and chemical template-guided self-assembly, and spin-coating, as illustrated in figure 3.5. 
In this work, hand-drop-coating was employed because we can have more control 
and waste less nanosphere solution. The SiO2 microspheres used in this work was 
purchased from Polysciences, Inc., with four different sizes, 0.5 μm, 0.7 μm, 1.0 μm, 1.5 
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μm in diameters respectively, and the standard deviation is smaller than 10%. The 

















 Figure 3.5 Methods of creating self-assembled ordered microsphere array. (a) 
hand-drop-coating. (b) lifting up a sphere array from an interface using the 
substrate. (c) electrophoretic deposition of spheres. (d) chemical or 
electrochemical  deposition of sphere solution with a pattern array. (e) physical 
template-guided self-organization of sphere. (f) spin-coating in which shear and 




and then further diluted in the mixture (1:1 by volume) of water and a solution of the 
surfactant Triton X-100/methonal (1:400 by volume) to 2% before use. After cleaning the 
substrates in acetone and then drying, an appropriate amount of sphere solution was 
pipetted onto the substrate. The evaporation of the dispersant solvent eventually induces 
the self-assembly of the spheres. Under this circumstance, attractive capillary forces, 
arisen from the formation of a meniscus around the particles, play an important role in the 
ordered arrangement of the spheres [33]. The ordering process starts at the moment when 
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the thickness of the liquid layer of the suspension becomes smaller than the diameter of 
the spheres. At this moment the deformation of the liquid-gas interface gives rise to 
strong and long-range inter-particle capillary forces. Continuous evaporation through the 
once-formed nuclei results in convective flow of the surrounding suspension, and this 
successive inflow of the spheres to the nuclei is sustained until all of the liquid has 
evaporated, as shown in figure 3.5a 
The use of the surfactant Triton X-100 is important to obtain a monolayer of 
close-packed microspheres. Its function is twofold. Firstly, it can assist the solutions in 
wetting the substrate. In this work, the substrate used was SrTiO3 (STO) or LSMO/STO, 
both of which are hydrophobic. The large contact angles of the liquid on such 
hydrophobic substrate, undesired for the formation of monolayer, can be effectively 
reduced by the addition of a proper surfactant [34]. Secondly, the surfactant solution 
exhibits a slower evaporation rate than pure water at the same condition [35]. The control 
of evaporation rate is an important factor for the growth of a well-arranged sphere array, 
just as the control of growth rate of crystals. 
A little trick used in the process is the introduction of a glass tube to produce a 
concave liquid surface taking advantage of the wettability of water with glass, as shown 
in figure 3.6b. In this manner, the ordering of microspheres starts from the central part of 
the slightly concave liquid layer and a large area (from 100 μm2 to 1.0 mm2) of 
monolayer of microspheres was formed at the central area after all of the liquid 
evaporated. Alternatively, if a suspension was dropped onto the substrate without using 
the glass tube, the drop spread over a certain area and forms a convex surface which 
meets the substrate at a contact angle of a few degrees (as illustrated in figure 3.6.a). A 
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thick multilayer of microspheres accumulated at the drop periphery as a result of the 
directional motion of the particles from the center of the drop toward its boundary during 
the evaporation of the water. In the central part only a small amount of microspheres 
remains and forms small clusters. 
 
Figure 3.6 (a) a drop of suspension spread on the substrate, forming a 
convex surface. (b) a glass tube is used to produce a concave surface by 







 Through the employment of glass tubes and the Triton X-100 as surfactant, 
monolayers of the hexagonally close-packed microspheres with four different sizes have 
been successfully fabricated, as shown in figure 3.7a-d. The defect-free area is relatively 
small (a few tens μm2), and point defects, dislocations, grain boundaries still can be seen 

































 Figure 3.7 Monolayer of hexagonally close-packed microspheres. (a) 0.5 μm, (b) 
0.7 μm, (c) 1.0 μm, (d) 1.5 μm, The scale bars are 1.0 μm. (e) a large area of 
monolayer of microspheres. The defects such as point defects, dislocations, and 
grain boundaries can be seen. The scale bar is 10 μm. 
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3.3.3 Fabrication process I 
Fabrication process I employs a monolayer of microspheres as a mask for the ion 
beam etching of LSMO thin film. The whole process is illustrated in figure 3.8. 
 
I. STO substrate II. Thin film deposition by PLD 
III. Deposition of nanosphere monolayer IV. Ion beam etching 
V. Nanoconstriction array 
Figure 3.8 Fabrication process I, microsphere monolayer served as mask for 











 Firstly, epitaxial thin films of LSMO were grown on STO [100] substrate from a 
stoichiometric target by PLD techniques. The deposition conditions were a substrate 
temperature of 750°C in an oxygen partial pressure of 0.3 mbar. The energy density per 
pulse was about 1.5 Jcm-2 and the pulse repetition rate is 5 Hz. Then the deposited films 
were annealed at 750 °C under oxygen pressure of 1 atm for 1 hour. The film thickness 
was determined to be about 200 nm with a step profiler. 
 After thin film deposition, a monolayer of microspheres was deposited onto the 
LSMO thin film by hand-drop-coating. Then the LSMO thin films partially covered by 
packed microspheres were placed inside the chamber of an ion beam etching facility. The 
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working gas was Ar. The RF power used was 350 W and the accelerating voltage was 
600 V. The duration of the etching process was 60 minutes. 
 After peeling off of the microspheres using transparent tapes and cleaning the 
sample, the nanoconstriction array was obtained, as shown in figure 3.9. The parts of the 
film which were not covered by the mask were etched away and the area shielded by the 
spheres remained. The nanoconstrictions about 50 nm in width formed on the contact 













Figure 3.9 AFM image of nanoconstriction array on LSMO thin film after ion 
beam etching for 60 minutes. The brighter regions are the residual LSMO film. 
Nanoconstrictions of around 50 nm in width are fabricated in LSMO film. 
 
 
 It is found that the remained islands connected by nanoconstrictions are pyramid-
like, rather than column. This is because as a mask, the SiO2 spheres shrank at the process 
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of ion beam etching and the area shielded by microspheres became smaller with the 
etching time. Therefore, theoretically, the size of the nanoconstrictions can be controlled 
down to zero through controlling etching time in fabrication process I. Another 
consequence of the shrinking of spheres is the oxygen deficiency and the structural 
distortion at the place of nanoconstrictions due to the ion bombardment. Although this 
oxygen deficient and structurally distorted state can be eliminated through annealing the 
sample in oxygen atmosphere at high temperature, phase separated state will be dominant 
at the place of the nanoconstrictions after annealing due to the very small thickness and 
the stress arisen from the mismatch between film and substrate. The detailed discussion 
of the oxygen deficient state and the phase separated state and their influence on the 
magnetotransport properties will be covered in the next chapter. 
 
3.3.4 Fabrication process II 
Fabrication process II employs a monolayer of close-packed microspheres as a 
mask for the deposition. The procedures are illustrated in figure 3.10. Firstly, a drop of 
the suspension of SiO2 microspheres was dropped onto a STO [100] substrate and these 
microspheres self-assembled into a hexagonally closed-packed ordered monolayer. Next, 
the substrate covered by the monolayer of microspheres was put into the chamber for RIE 
process for several minutes to reduce the dimension of the microspheres. The reactive gas 
was a mixture of CF4 and O2 with flow rate ratio of 99:1. The pressure was 5 × 10-2 Torr 
and the power of plasma was 20 W. Then the substrate was transferred to a PLD chamber 
for the deposition of LSMO. The substrate temperature was 750 °C under oxygen 
pressure of 5 × 10-5 mbar. The laser energy density was about 1.5 Jcm-2 with the pulse 
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repetition rate of 5 Hz. After deposition, the sample was annealed at 750 °C under 
oxygen pressure of 1 atm for 1 hour. A LSMO nanoconstriction array was obtained after 
removing the microspheres using transparent tapes.  
 










 Figure 3.10 Fabrication process II. Nanosphere monolayer served as mask for the 
thin film deposition 
 
 A key to success in obtaining such nanoconstrictions with controllable sizes is to 
avoid the underfilling effect in the process of thin film deposition, i.e., to avoid the 
deposition at the place beneath microspheres. In the growth of oxide thin film using PLD 
technique, high oxygen pressure is commonly introduced to achieve the desired level of 
oxygen in the compound. However, at higher pressure, species ejected from target by 
pulsed laser will encounter more collision with the gas molecules. These frequent 
collisions result in the random direction of the species at the expansion front of the plume, 
which causes severe underfilling effects in the fabrication process. Consequently a 
honeycomb-like pattern was obtained even a monolayer of closed packed microspheres 
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(figure 3.11a) was used as a deposition mask, as shown in figure 3.11b. However, by 
using low oxygen pressure growth, the collision probability can be reduced substantially. 
Therefore the species in the plume are highly forward directed [36] and the underfilling 
effect is effectively suppressed. Using an oxygen pressure of 5 × 10-5 mbar during the 
PLD process, an array of triangular particles was formed, as shown in figure 3.11c, which 
is consistent with other reports on metals [17-21]. 
 In order to form nanoconstrictions connecting every two triangular particles, it is 
necessary to reduce the size of the masking microsphere through RIE process. With the 
underfilling effect being suppressed to a minimum, the size of the nanoconstriction can 
be designed by controlling the time for the RIE process. Figure 3.12 shows the SEM 
images of two resultant nanoconstriction arrays with two different durations for RIE 
process. With 5 minutes RIE process, the nanoconstrictions of less than 100 nm have 
been successfully fabricated (figure 3.12a). Extending the RIE process duration to 10 
minutes, the size of the resultant nanoconstrictions was increased to around 180 nm 
(figure 3.12b). 
 Due to the low oxygen pressure at which thin film was deposited, the whole 
sample was oxygen deficient including the places of nanoconstrictions. Although the in 
situ and post situ annealing under oxygen atmosphere was conducted, the samples were 
still oxygen deficient, demonstrated by their lower metal-to-insulator transition 
temperature TPs (will be shown in the following chapter). We also tried to deposit the 
stoichiometric LSMO thin film at low oxygen pressure in situ by introducing oxygen 
atoms, hoping the highly active oxygen atoms can apparently improve the oxygen content 
in the compound. However, it is not as effective as expected.  
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 Figure 3.11 (a) SEM image of a monolayer of highly ordered SiO2 microspheres. (b) 
The honeycomb-like pattern grown at 2 × 10-1 mbar oxygen atmosphere in the 
process of PLD. (c) The pattern of triangular nanoparticle array grown at 5 × 10-5 
mbar oxygen atmosphere in the process of PLD. Inset: SEM image with a larger 
magnification. The microsphere monolayers used as mask for deposition in (b) and 























Figure 3.12 SEM images of the resultant nanoconstriction array grown after the 
masking microspheres were subjected to (a) 5 min., and (b) 10 min. of RIE 
 
 
3.3.5 Fabrication process III 
In the fabrication process III, we employed the nanosphere monolayer as mask for 
the deposition of STO thin film which served as hard mask for the further ion beam 
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etching. The use of STO hard mask avoids the structural defect due to the ion 
bombardment, as the samples fabricated through process I, and at the same time makes it 
unnecessary to grow the LSMO thin film at low oxygen pressure which results in oxygen 
deficiency, as the samples fabricated through process II. The procedure is illustrated in 
figure 3.13.  
 
II. Thin film deposition by PLD I. STO substrate 
 
 
 III. Nanosphere monolayer/LSMO thin 
film/STO substrate 




 V. Deposition of STO thin film by 
PLD as hard mask 









Figure 3.13 Fabrication process III. Combination of process I and process II. Nano-
sphere monolayer served as mask for STO thin film deposition, which served as 
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Firstly, epitaxial thin films of LSMO were grown on STO [100] substrate by 
using PLD techniques. The deposition conditions were a substrate temperature of 750°C 
in an oxygen partial pressure of 0.3 mbar. The energy density per pulse was about 1.5 
Jcm-2 and the pulse repetition rate is 5 Hz. Then the deposited films were annealed at 750 
°C under oxygen pressure of 1 atm for 1 hour. The film thickness was controlled at 
around 60 nm. Next, a monolayer of close-packed microspheres was deposited onto 
surface of the LSMO thin film. After a period of RIE process to reduce the dimension of 
the SiO2 microspheres, the LSMO thin film covered by masking microspheres was 
transferred to PLD chambers for the deposition of STO thin film. The deposition was 
conducted at an oxygen pressure of 5 × 10-5 mbar. The substrate temperature is 500 °C. 
The laser energy density is 1.5 Jcm-2 with the repetition rate of 5 Hz. Then the sample 
was annealed at 600 °C under oxygen pressure of 1 atm for 30 minutes. After removal of 
the microspheres, a STO nanoconstriction array was obtained on top of LSMO thin film. 
This nanopattern in STO layer was then transferred to the underlying LSMO layer 
through ion beam etching process. The remained STO layer can be removed using HF 
solution. Figure 3.14 shows the SEM images of the resultant LSMO nanoconstriction 
array. 
 In process III, there are two ways to control the size of the nanoconstrictions. One 
is by controlling the duration of RIE process, just as used in the process II. The other one 
is by controlling the duration of ion beam etching as long as STO hard mask is not etched 
up. 
 Thanks to the use of STO hard mask, the LSMO nanoconstriction fabricated 
through process III is in an intrinsic state, which means that the LSMO nanoconstriction 
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array is in the ferromagnetic, half-metallic state with the Curie temperature higher than 
350 K, without oxygen deficiency and phase separation. The successful fabrication of 
intrinsic LSMO nanoconstriction is very important to investigate the origin of the huge 
magnetoresistance observed in magnetic nanoconstriction. (It will be discussed in 











Figure 3.14 SEM image of the resultant LSMO nanoconstriction array fabricated 
through process III. The STO layer is not removed yet. The scale bar is 1.0 μm  
 
3.4 Summary 
The development of the three fabrication processes is actually the continuous 
optimization of the fabrication process to obtain an intrinsic LSMO nanoconstriction 
array. At the beginning, when we used SiO2 microspheres as a mask for ion beam etching 
(process I), we didn’t realize that as a mask, the size of SiO2 microspheres will shrink due 
to ion bombardment. The shrinkage of the mask resulted in ion bombardment of the 
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underlying LSMO thin film at the place of nanoconstriction and thus the local structural 
distortion. This problem cannot be solved by changing the etching condition as long as 
SiO2 microspheres were used as mask for ion beam etching. 
Then, we changed the strategy by employing SiO2 microspheres as mask for thin 
film deposition (process II). However, to fabricated nanoconstriction with good size-
control, thin film deposition must be conducted at high vacuum to improve the 
directionality of the depositing species, which cause the oxygen deficiency in the 
deposited LSMO thin film.  
Although process II cannot fabricate intrinsic LSMO nanoconstriction arrays, it 
did provide an opportunity to achieve the goal. We can employ the process II to fabricate 
a nanoconstriction array of other materals as hard mask, and then the pattern was transfer 
to the underlying intrinsic LSMO thin film by ion beam etching. That is what we have 
done in process III. 
In summary, three fabrication processes has been developed for the fabrication of 
nanoconstriction arrays of multicomponent complex oxides based on the NSL technique. 
LSMO was chosen in this work as an example to demonstrate the application of these 
three fabrication processes. The details of these three processes, including the function of 
the monolayer, the difficulties in reducing the size of nanoconstrictions, the state of the 
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Table 3.1 Summary of the three fabrication processes based on NSL technique 
 Process I Process II Process III 
Function of the 
microsphere 
monolayer 
Mask for ion beam 
etching 
Mask for thin film 
deposition 
Mask for the 
deposition of hard 
mask of ion beam 
etching process 
Geometry 3-Dimensional planar Planar 
Ability to fabricate 
sub-100 nm nano-
constrictions 
Yes Yes Yes 
Physical state of the 
resultant  nano-
constrictions 
Oxygen deficient and 
structural distorted 
state before annealing 
and phased separated 
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Chapter 4 Magnetotransport properties of LSMO 
nanoconstriction arrays with non-intrinsic 
states 
 
In the last chapter, we described the development of three processes for the 
fabrication of LSMO nanoconstriction arrays. By employing different process, the 
nanoconstriction arrays with different states can be obtained, some of which are in non-
intrinsic states due to the ion bombardment during the ion beam etching or the low 
oxygen pressure for LSMO thin film deposition. In this chapter, we will investigate how 
these non-intrinsic states would influence the magnetotransport properties of the 
nanoconstriction arrays and discuss in details the physics underlying. 
 
4.1 Nanoconstriction array (A) – weakened-ferromagnetically coupled 
4.1.1 Experimental procedures 
Nanoconstriction arrays of the weakened ferromagnetic coupling are fabricated 
through the fabrication process I in which monolayers of microspheres are employed as 
mask for the ion beam etching of LSMO thin films. The detailed procedures are given in 
the chapter 3 and the resultant nanoconstriction is shown in figure 3.6. 
After the fabrication of the nanoconstriction array, a microbridge of 20 μm in 
width and 50 μm in length was patterned on the area of nanoconstriction arrays by using 
the conventional photolithography and ion beam etching. Figure 4.1 shows the 
schematics of the whole processes of sample preparation. After sample fabrication, four-
point probe method was used to measure the magnetotransport properties of the 
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Figure 4.1 Schematics of the sample preparing process. (a) deposition of a 
monolayer of SiO2 microspheres onto the center of the LSMO film (b) the 
top view of the film covered by photoresist except a strip at the center of the 
film and subjected to ion beam (c) after the ion beam etching, the photoresist 
has been cleared and the microspheres have been removed (d) a microbridge 





4.1.2 Results and discussions 
Biased at a current of 1 μA, the temperature dependences of the resistance with 
external magnetic field of 3000 Gauss and without external field are shown in figure 4.2. 
The R-T curve of the original continuous LSMO film is also presented as an inset in 
figure 4.2, which shows the metallic behavior. The resistance of the nanoconstriction-
patterned thin film had increased by several orders of magnitude after being etched and 
the metal-insulator transition temperature TP shifted from above 300 K to about 170 K. 
For the nanoconstriction-patterned sample, when temperature is below TP, the difference 
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between the R-T curves with and without an applied magnetic field of 3000 Gauss is 
almost a constant. Therefore, the MR ratios of the film increase as the temperature 
decreases. This behavior is very similar to those in the polycrystalline bulk materials or 
thin film of LSMO [1].  
 






















3000 Gauss parallel 





































Figure 4.2 R-T curves of film with bias current of 1 μA after being etched 
for 60 minutes. The two curves represent the measurements carried out with 
and without applied field of 3000 Gauss respectively. Inset: curve of the 
original film where TP is above 300 K with resistance much smaller than the 




 Further investigation on the temperature dependence of the resistance of 
nanoconstriction array with bias current from 10 nA to 1 μA under zero magnetic field 
showed that the value of the peak resistance became smaller and the TP shifted to a higher 
temperature when the bias current increased, as shown in figure 4.3. Here we could safely 
rule out the thermal effect as it would cause TP shift to a lower temperature, which is 
contrary to the observation for our sample. 
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Figure 4.3 Temperature dependence of the resistance of nanoconstriction 
array with bias current from 10 nA to 1 μA under zero-field. The peak 
resistance became smaller and the TP shifted to a higher temperature when 




Furthermore, figure 4.4 shows the I-V curves at different temperature without 
magnetic field for the nanoconstriction-patterned sample. This nanoconstriction array has 
stronger nonlinear I-V characteristic at low temperatures and the nonlinearity becomes 
less apparent with the increase of temperature. This nonlinearity characteristics have also 
been observed in other structures such as grain boundary junctions [2-4], magnetic 
tunneling junctions [1], nanoconstriction [5, 6], and etc. There are several proposals to 
explain the current dependence of the magnetotransport properties [3, 5, 7]. Later, we 
shall discuss the contribution of the ion beam radiation to the oxygen deficiency in the 
film and its effect to the nonlinear transport behavior. 
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Figure 4.4 I-V characteristics of the nanoconstriction array under different 
temperature without applied field. This nanoconstriction array has stronger 













Figure 4.5 Current dependence of MR curves of the nanoconstriction array at 
80 K. The MR ratio increased with decreasing bias current.  
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 A magnetoresistance measurement was carried out on the sample before and after 
the ion beam etching at 80 K. No significant MR ratio was observed before the film was 
etched with the applied field up to 3000 Gauss. After ion beam etching, the low field MR 
ratio increased significantly. Further study found that this low field magnetoresistance 
(LFMR) was current dependent, as shown in figure 4.5. Although the noise increased 
with decreasing bias current, it is apparent that the MR ratio increased with decreasing 
bias current. When the bias current was at 10 nA, the nanoconstriction array exhibited 
about 30% MR ratio with applied field up to 3000 Gauss by the definition MR = [R(0)-
R(H)]/R(0). 
 In the course of the sample fabrication, it is inevitable that there will be some 
oxygen deficiency in the film due to the ion bombardment. Since the energy of the ion 
beam of 600 eV is relatively low, it is expected that the influence of oxygen deficiency is 
only significant at the area of nanoconstriction where the thickness is much thinner than 
that of the islands (see figure 3.6). Other than the constriction region, there is almost no 
change of oxygen content in the film except for a very thin layer of surface comparing to 
original film. Since the oxygen deficiency will cause the reduction of hole concentration 
and the change of Mn-O-Mn bond angle, and further decrease the Curie temperature [8, 
9], the patterned film can be viewed as a system in which the ferromagnetic islands were 
connected by nanoconstrictions with weakened magnetic coupling. In terms of the double 
exchange interaction [10], the metal-insulator transition temperature is expected to shift 
to a low temperature since the current has to flow through the nanoconstriction where the 
magnetic coupling is weakened, as shown in figure 4.2. Spin polarized current flowing 
through regions of weakened magnetic coupling will exhibit low field MR (figure 4.2), 
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similar to that attributed to the grain boundary. These are consistent with the results of the 
ion irradiated manganites [11, 12]. 
 In order to confirm the oxygen deficient state in nanoconstriction caused by ion 
bombardment, the sample was annealed at 750 ºC under oxygen pressure of 1 atm for 1 
hour. Then the same measurements were repeated. Through annealing in oxygen 
atmosphere, the constriction absorbed oxygen and the resistance of the sample decreased 
significantly. The R-T curve (figure 4.6) indicates that the metal-insulator transition 
temperature TP shifted back to a temperature higher than 300 K. No nonlinear 
phenomenon was observed in I-V characteristic and magnetotransport measurements 
even at low temperatures. 





























 Figure 4.6 R-T curve of the nanoconstric-tion array after annealing at 750 oC 
in the atmosphere of oxygen for one hour. The bias current is 1.0 μA. 
 
 The current dependence of TP, shown in figure 4.3, strongly indicated that there is 
a relationship between magnetic properties of the nanoconstriction array and the current 
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flowing through it in terms of double exchange interaction. Westerberg et al. [13] 
proposed a model to explain a dependence of the hysteretic low field MR on the bias 
current. The model is based on an assumption that a polarized charge carrier from the 
ferromagnetic region due to double exchange will strengthen local magnetic coupling in 
the region of weakened ferromagnetic coupling during its transition. This is plausible if 
the time interval for each manganese ion encountering two successive spin polarized 
electrons (10-7 ~ 10-9 s in this experiment) is comparable to or even smaller than the spin 
relaxation time (> 10-8 s [14]). This current effect is relatively large when comparing with 
the effect of external magnetic field (see figure 4.3 and figure 4.5). At 80 K, increasing 
the bias current from 10 nA to 0.1 μA will cause the resistance drop of 79.3% and to 1 
μA will cause the resistance drop of 94.8%, which are much larger than the 
magnetoresistance of about 30% at 10 nA bias current with magnetic field up to 3000 
Gauss. This suggests that the effect of a bias current of as small as 0.1 μA to the 
resistance drop is equivalent to the application of an external field much larger than 3000 
Gauss on this system. 
 Based on the assumption described above, the increase of the bias current caused 
more polarized charge carriers pass through the weakly coupled nanoconstrictions, hence 
creating a stronger ferromagnetic coupling between the spin-polarized islands resulting in 
a higher Curie temperature. Therefore with the increase of the bias current, TP will 
increase and the peak resistance will decrease in the framework of double exchange 
interaction, as shown in figure 4.3. However, at lower bias current, the applied field could 
more easily modify the magnetic configuration of the ferromagnetic islands because of 
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the weaker coupling between two ferromagnetic islands and hence produce a larger MR 
ratio, as shown figure 4.5. 
 We now turn to explain the nonlinearity of the I-V characteristic exhibited by the 
nanoconstriction array. As discussed above, in the nanoconstriction array system, the 
value of TP shifted to a higher temperature with increasing bias current. A maximum 
temperature of (TP)max was expected. For a temperature higher than (TP)max, the 
nanoconstriction array will be in paramagnetic insulating state and its resistance will be 
constant no matter how large the bias current is. Thus the I-V curve will be linear, as 
shown in figure 4.4 for the case of measurement at 240 K. For a temperature below the 
(TP)max, at a very small applied current, the nanoconstrictions are in paramagnetic and 
insulating state due to the very weak magnetic coupling. With the increase of the bias 
current, the nanoconstrictions wll gradually become ferromagnetic and conductive. The 
larger the bias current applied, the higher the Curie temperature of the nanoconstriction 
and the smaller the possibility for electrons being scattered by magnon, which leads to a 
smaller resistance. Hence the nanoconstriction array will exhibit nonlinear I-V 
characteristic at a low temperature.  
 In summary, in the nanoconstriction array fabricated through process I, strong 
current dependence of the magnetotransport properties and nonlinear I-V characteristic 
have been observed. All these observations are attributed to the co-existence of the 
ferromagnetic regions and the nanoconstricted region of weakened ferromagnetic 
coupling where the Mn-O-Mn bonds are distorted due to the ion bombardment. The spin 
polarized bias current would strengthen local ferromagnetic coupling when passing 
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through this nanoconstricted regions. This current effect on the resistance drop is 
relatively larger compared to the external magnetic field. 
 
 4.2 Nanoconstriction array (B) – stress induced phase separation 
As discussed in the last section, the nanoconstriction array fabricated through 
process I exhibited strongly current-dependent magnetotransport properties due to the 
oxygen deficiency at nanoconstrictions caused by ion bombardment, and this oxygen 
deficient state can be eliminated through further annealing at oxygen atmosphere. 
However, the stress arisen from the mismatch between the LSMO thin film and STO 
substrate takes effect and shows its influence on the transport properties of the 
nanoconstriction array under large bias current, as discussed in details in the following. 
Estimated from the etching rate of LSMO film and SiO2 microspheres, the 
thickness of the film at nanoconstrictions is about 10 nm. It has been shown that when the 
thickness of the film is around 10 nm, electronic phase separation is dominant in the film 
of LSMO/STO [15] and LCMO/STO [16]. Nano-scaled disorder of the substrate [17] or 
substrate caused strain effect [18] both may lead to the nucleation of antiferromagnetic 
and ferromagnetic islands, forming an inhomogeneous state. It is therefore reasonable to 
assume that the electronic phase separation state is dominant in LSMO nanoconstrictions 
array. In the following discussion, we will demonstrate that this phase separation state is 
responsible for the novel resistance step and the large MR ratio.  
Transport properties were measured by using standard four-point probe technique. 
Figure 4.7 is the V-I characteristic of the sample with current swept from positive to 
negative value of 1.0 mA at 78 K. A series of discontinuities were observed. Despite of 
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the discontinuities, within every continuous section, the V-I characteristic is almost 
ohmic. The resistance steps are shown in the inset of figure 4.7, where the resistance R 
was obtained from the V-I curve as V/I.   
 











































Figure 4.7 V-I characteristic measured at 78 K with a current swept from 
+1.0 mA to -1.0 mA. A series of discontinuities were observed. Within every 
continuous section, the transport is still ohmic with a different slope. Inset: 
R-I curve with the current decreasing from 1.0 to 0.2 mA. Four resistance 




We choose to focus on the first jump of the resistance. As the applied current 
swept from 0.2 mA to 0.5 mA first and swept back, a hysteretic loop was observed at 78 
K, as shown in figure 4.8. With increase of bias current, the resistance suddenly jumps to 
a higher value at the threshold current (I upth) of about 0.360 mA. However, decreasing 
the bias current from above I upth causes a sudden drop in resistance at a lower threshold 
current (I downth) of 0.335 mA.  
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Figure 4.8 R-I curves with the current increasing from 0.2 to 0.5 mA and 
then sweeping back. A hysteric loop was observed 
 


































Figure 4.9 R-I curves measured at different temperatures. With the 
temperature increasing, the critical current at which the resistance jump 
occurs decrease and the resistance step is less apparent.
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An applied current of several hundred micro-amperes is considerable high for the 
nanoconstriction array. It is estimated that the current density would reach as high as 105 
A/cm2. Therefore, the hysteretic loop is very likely to be the result of the heat dissipation 
associated with hysteretic effect. This is consistent with the result of the R-I measurement 
at different temperature with the current scanning from 0.5 mA to 0.1 mA, as shown in 
figure 4.9. When the temperature increases, the threshold current at which the jumps of 
resistance occur decrease and the steps become less apparent. Despite of the small 
hysteretic effect, the resistance jumps constantly appeared in many cycles of increasing 
and decreasing current in our measurement. We therefore concluded that the appearance 
of the resistance steps must not result from the irreversible burning of some 
nanoconstrictions by Joule heating.  
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Figure 4.10 R-I curves measured at 78 K under a different magnetic field 
with the current increasing from below 0.3 mA to above 0.5 mA and then 
sweeping back. Both I upth and I downth increase with the external field 
increasing (see inset). It can be seen that an external field as low as 3000 
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Figure 4.10 shows the R-I curves of the LSMO nanoconstrictions measured at 78 
K with different external magnetic field parallel to the current. With the increase of the 
external magnetic field, both I upth and I downth shift to higher values. The current 
dependence of Ith is demonstrated in the inset of fig. 4.10. This character can be employed 
to achieve large MR ratio as follows: first apply a current larger than I upth (0.360 mA) in 
the absence of the external field, then reduced to 0.34 mA, (as indicated by a dashed line 
in figure 4.10) which is slightly higher than I downth (0.335 mA), an external field as low 
as 3000 Gauss will lead to a sudden drop in the resistance from 17.2 kohm to 11.3 kohm, 
showing a large MR ratio {(R0-RH)/RH} of 52.2%. The feature of this low field 
magnetoresistance is entirely different from the intrinsic CMR effect and extrinsic MR 
effect due to grain boundary at low temperature system. Other than the double exchange 
mechanism and the spin dependent scattering or tunneling of grain boundary, the 
recovering of percolation due to the field-induced growth of metallic phase is a plausible 
explanation for the novel MR ratio, as discussed below. 
In the LSMO nanoconstriction array, due to the thickness of the film (~10 nm) of 
the nanoconstriction array, the phase separation state is dominant. In this state, transport 
currents percolate through metallic channels and the resistance of the sample is 
determined by the fraction of the metallic phase which is dependent on temperature and 
external field [19]. Due to the Joule heating effect, the temperature of the 
nanoconstrictions increases with the current and the volume of metallic phase in the 
nanoconstriction array becomes smaller. Consequently the resistance increases, but the 
increment is continuous, not step-wise, and negligibly small. This is revealed in the inset 
of figure 4.7 for each plateau of the resistance steps, which is not strictly flat. However, 
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when the current reaches a critical value, in some section of the nanoconstrictions the 
metallic channels are broken due to the phase transition caused by the Joule heating effect. 
So the current flowing through the nanoconstriction array gets redistributed, and is forced 
to choose a path of higher resistance. The resistance of the sample will stay at this value 
until the current reaching next critical value, at which additional sections of the 
nanoconstriction become insulating. Therefore, a series of resistance steps appear. We 
emphasize here the commensurability between the size of nanoconstrictions and the size 
of competing metallic and insulating phase is important to the observation of resistance 
steps.  
 With the increasing of the applied magnetic field, the ratio of ferromagnetic 
metallic phases to insulating phases increases. When the external field reaches a certain 
value (~3000 Gauss), the metallic phase increases to a value such that the percolative 
conduction paths at some sections of nanoconstriction array are recovered and the 
resistance of the whole nanoconstriction array drops suddenly, producing a large low 
field magnetoresistance. 
In summary, a series of the resistance steps were observed with applied current 
varying continuously in this phase separated LSMO nanoconstriction array. The threshold 
current value at which resistance jump occurs was dependent on the temperature and the 
external field. A large low field MR ratio of 52.2% was achieved at 78K when the biased 
current was set to 0.34 mA. The observation was attributed to local heating induced phase 
transition at some nanoconstrictions where phase separation should be dominant.  
 
4.3 Nanoconstriction array (C) – oxygen deficiency induced phase 
separation 
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4.3.1 Experimental procedures 
 The nanoconstriction array of oxygen deficiency induced phase separation is 
fabricated through the process II. In this process, a monolayer of SiO2 microspheres, 
whose dimension can be reduced by a reactive ion etching process, is used as a mask for 
pulsed laser thin film deposition. Two nanoconstriction arrays with lateral size of around 
90 nm (labeled as sample (a)) and 180 nm (labeled as sample (b)), respectively, were 
fabricated through process II, as described in chapter 3. The SEM images of these two 
nanoconstriction arrays are shown in figure 3.9. After nanoconstriction array fabrication, 
photolithography and ion beam etching were used to pattern the large area of 
nanoconstriction array into a microbridge of 20 μm in width and 100 μm in length, and 
the lift-off technique was used to deposited two gold electrodes for transport 












Figure 4.11 SEM image of the patterned microbridge for transport 
measurement. Inset: schematics of the microbridge and the Au electrodes.  
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Figure 4.12 The temperature dependence of resistance at different bias 
currents of sample (a) and sample (b). Both samples exhibit current 
dependent resistance in the whole measured temperature range. The whole 
temperature range was divided into three regions. In the region I (T<Tpa), 
both samples have percolative conduction path; in the region II (Tpa<T<Tpb), 
percolation occurs in sample (b) and sample (a) is still in insulating state; in 
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By now, there has been abundant evidence confirming the existence of the phase 
separation state in manganites including low-doped Sr-base manganites [20] and oxygen 
deficient La0.67Sr0.33MnO3-δ [21]. Our samples were fabricated under very low oxygen 
pressure. Although the in situ and ex situ annealing under oxygen atmosphere was 
conducted, the samples are still oxygen deficient, demonstrated by their lower metal-
insulator transition temperature TPs, as shown in figure 4.12. 
 Figure 4.12 shows strong bias current dependence of resistance in both samples in 
the measured temperature range (77 K to 300 K). And the metal-insulator transition 
temperature TPs of both samples shifted slightly to the higher temperature side with 
increasing bias current and in sample (b), this transition was not observed below 300 K at 













Figure 4.13 The temperature dependence of ER ratio of Sample (a) and 
Sample (b) without external magnetic field. ER = 100%x[R(0.1μA)-R(100
μA)]/R(100μA). Both samples show a peak ER ratio near the metal-
insulator transition temperature Tp.  
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Evaluating the transport nonlinearity of the samples by using electroresistance 
ER=100%×[R(0.1μA)–R(100μA)]/R(100μA), the temperature dependence of the 
nonlinearity for the two samples is represented in figure 4.13. In both samples the peak 
ER ratio occurs at the temperature near their TP. It is interesting that Sample (a) shows a 
much larger peak ER ratio compared with that of Sample (b), which suggest a size 
dependence mechanism underlying this phenomenon. 
 
4.3.3 Discussions 
The nonlinear transport behavior (current dependent transport behavior) was 
observed recently in various phase separated manganite systems. Several mechanisms 
were proposed to illustrate the bias current effect (also can been seen as an electric field 
effect) on manganites, such as an electric field induced collapse of the charge ordering 
state [22], pushing the interface of metallic and insulating phase towards the insulating 
phase by spin polarized electron injection [23] or driving accumulation of charge at the 
interface [24], increasing the Mn3+-O-Mn4+ angle in the insulating region by inducing a 
local electrical moment in the MnO6 octahedra [25], changing the orbital order in 
insulating region [26] etc. Generally speaking, larger bias current leads to a larger 
fraction of metallic phase and small resistivity of insulating phase in the sample, hence 
smaller resistance, resulting in nonlinear transport behavior. 
Compared with the 3-D manganites system, two factors must be paid more 
attention to in the study of lower dimensional phase-separated manganite systems, 
especially in the quasi-one dimension. The first one is surface effect. At the interface 
between manganites and air, there will be more structural defects due to the loss of 
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octahedral symmetry around the Mn ions [27], a higher concentration of oxygen 
vacancies [28], and the segregation of alkaline-earth species [29], which act as the 
pinning center of the insulating phase. With the decreasing of dimensionality, this effect 
becomes more prominent. The other one is the percolation threshold for metallic phase fc, 
which is crucial in determining the transport properties of an inhomogeneous system [30, 
31]. The widely accepted fc value for 3-D system is 0.16. [31] Recent experimental 
findings give the fc values of phase separated manganites thin film of 0.22~0.24 [32, 33]. 
The theoretical works [30] also suggest larger fc values for the system of lower 
dimension. 
In this work, compared with the nanoconstriction array with larger lateral size, the 
defects at the surface of manganites, acting as pinning centers of the insulating phase, 
lead to a larger fraction of the insulating phase in the nanoconstrictions of smaller size. At 
the same time, narrowing the nanoconstrictions also will cause the increase of the fc 
value. This is easy to understand by an extreme case of strictly 1-D systems, the fc value 
of which should be 100%. In this work, compared with Sample (b) (nanoconstrictions of 
180 nm), Sample (a) (nanoconstrictions of 90 nm) should have a larger fraction of the 
insulating phase in the region of nanoconstrictions and higher fc value, leading to a lower 
TP of Sample (a) than that of Sample (b), as indicated in figure 4.12. Based on the two 
Tps of sample (a) and sample (b), the whole temperature range can be divided into three 
regions, as indicated in figure 4.12 and figure 4.13. In the region I (T<Tpa), both samples 
have percolative conduction path; in the region II (Tpa<T<Tpb), percolation occurs in 
sample (b) and sample (a) is still in insulating state; in the region III (T>Tpb), neither 
sample has percolation path.  
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 Figure 4.14 Schematics of sample (a) and sample (b) in the region II in the 
random resistor network model. 
 
We focus on the region II of figure 4.12 first to study the mechanism underlying 
the size dependence of the ER ratio. In this region, sample (a) shows nonpercolative 
conducting behavior and sample (b) is percolative. In general, the role of larger bias 
current (or voltage) in the transport behavior of the phase separated manganites is to 
lower the resistivity and reduces the volume fraction of the insulating phase, thus 
lowering the resistivity of the whole system. However, for the two phase-separated 
systems with one has percolation path and the other hasn’t, the current effect contributes 
to the change of the resistivity of the system in different ways. Using the random resistor 
network to model the phase-separated system [34], see figure 4.14, for the system with 
percolation path (sample (b)), the current effect is to lower the resistance of the resistors 
connected in parallel with the percolation path of much lower resistivity, resulting in a 
relatively smaller resistivity change, and thus a lower ER ratio. While for the system 
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without percolation path (sample (a)), the current effect is to lower the resistance of the 
resistors connected together in series, leading to a larger resistivity change, and thus a 
higher ER ratio.  
In the region I and region III, both samples have the same connection fashion 
respectively in the random resistor network model: percolative in the region I and 
nonpercolative in the region III. In both samples, the large bias current effect is through 
lowering the resistance of the resistors connected in parallel with the percolative path of 
much lower resistivity in the region I and lowering the resistance of the resistor 
connected together in series in the region III. Therefore, it is not as easy as that in the 
region II, where two samples have different connection fashion, to compare the resistance 
changes of two samples under large bias current. However, compared with sample (b), 
sample (a) has a larger fraction of the insulating phase, which means that there are less 
local percolative paths in sample (a) and its local connection fashion is more like that 
shown in the upper diagram in figure 4.14. Therefore, sample (a) (larger fraction of 
insulating phase) should have a larger response to the external electric field, as shown in 
figure 4.13. This is consistent with the other report [35]. 
The higher ER ratio peak of the sample (a) is attributed to its fc value, which is 
larger than that of sample (b). The larger value of fc means that there is a larger fraction 
of metallic phase at the temperatures where percolation is taking place. Therefore, the 
resistance change in sample (a) before and after the percolation taking place under large 
bias current will be larger than that of sample (b). 
In the sense of lowering the resistivity and reducing the volume fraction of the 
insulating phase, magnetic fields have the same effect as electric fields on the phase 
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separated manganites. Therefore, it is expected that the above discussion of the 
mechanism of size dependence is also applicable to the response of the system to the 
external magnetic field. Figure 4.15 shows the results of magnetoresistance measurement 
with applying magnetic field of 1 Tesla and 0.1 μA bias current. The magnetoresistance 
value of sample (a) is apparently larger than that of sample (b) in a large temperature 
range. The complementarity of the electric field to the magnetic field is manifested in the 
bias current dependence of the MR ratio, as shown in the inset of figure 4.15. 
 

















































Figure 4.15 The temperature dependence of MR ratio of Sample (a) and 
Sample (b) at a bias current of 1 uA. MR = 100%x[R(0)-R(H)]/R(H). Both 
samples show a peak MR ratio near the metal-insulator transition 
temperature Tp. The peak magnetoresistance value of Sample (a) is 
apparently larger that that of Sample (b). Inset: MR curves of the 90-nm 
nanoconstriction array measured at 140 K with different bias current. With 





 In summary, a size dependence of the nonlinear transport properties was observed 
in the nanoconstriction arrays fabricated through process II. A larger fraction of the 
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insulating phase and a larger percolative threshold of the metallic phase lead to a larger 
response to external electric or magnetic fields in the nanoconstriction array with smaller 
lateral size. 
 
4.4 Comparison of the three non-intrinsic LSMO nanoconstriction arrays 
It is well known that La0.67Sr0.33MnO3 is a typical double-exchange-type 
manganite, in which the eg bandwidth is large and the ferromagnetic phase is robust. 
Phase separation has not been reported yet in this stoichiometric system. However, when 
this system is structurally distorted or oxygen deficient, the reduction of the Mn-O-Mn 
bond angle and the hole concentration will cause the weakened magnetic coupling 
between every two neighboring Mn ions and thus the reduced eg bandwidth. For this case, 
de Gennes [36] proposed a well-known “spin-canted” model, in which the spins of the 
neighboring Mn ions are not strictly parallel, but canted by a certain angle, due to the 
weak magnetic coupling. This model was adopted in explaining the magnetotransport 
behavior of the nanoconstriction array (A) through process I, as discussed in section 4.1.  
However, we still can view the structurally distorted or oxygen deficient LSMO 
system from another point of view. Since the eg bandwidth is largely reduced, the 
tendency towards phase separation becomes stronger [19], just as La-Ca-Mn-O system or 
Nd-Sr-Mn-O system. Therefore, the magnetotransport behavior of the nanoconstriction 
array (A) can also be understood in the phase separation scenario, as the discussion of the 
nanoconstriction arrays (C) in section 4.3. Actually, both types of nanoconstriction arrays 
exhibited qualitatively same magnetotransport behavior, such as strongly nonlinear I-V 
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characteristics (figure 4.4 and 4.12), bias current dependent metal-insulator transition 
temperature (figure 4.3 and 4.12) and MR ratio (figure 4.5 and 4.15). 
One difference between the nanoconstriction arrays (A) and (C) is the state of the 
islands which were connected by the nanoconstrictions. In the nanoconstriction array (C), 
the region of the islands was in oxygen deficient state, the same as that at 
nanoconstrictions. In contrast, in the nanoconstriction array (A), the region of the islands 
was protected by the SiO2 mask and remains ferromagnetic state. Therefore the current 
flowing through the nanoconstriction is spin polarized by half-metallic LSMO islands. 
This spin-polarized current effect may account for the larger TP shift under bias current 
and stronger nonlinearity of the nanoconstriction array (A) than those of the 
nanoconstriction array (C) (figure 4.3 vs. figure 4.12). 
Although the transport behavior of the nanoconstriction array (A) can be 
explained in the scenario of phase separation, we didn’t observe the resistance steps with 
increasing bias current until it was burnt. Neither did we in nanoconstriction array (C). 
Nevertheless, these resistance steps are apparent in the nanoconstriction array (B) in 
which stress induced phase separation state dominant. One possible reason is that the 
separated phases with different origins (oxygen deficiency induced or stress induced) 
may response to different extent to the external electric field or magnetic field. The larger 
cross-section area of the nanoconstriction (C) (100 × 180 nm2) than that of 
nanoconstriction (B) (50 × 10 nm2) is another possible reason why the resistance steps are 
not observable in the nanoconstriction array (C). As mentioned in section 4.2, only the 
size of the nanoconstriction is commensurate with the size of phase-separated region, can 
we observe the resistance steps.  
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4.5 Summary 
In summary, three non-intrinsic LSMO nanoconstriction arrays have been 
fabricated through fabrication process I and II. All of the three nanoconstriction arrays 
exhibited large low field magnetoresistance and strong bias current dependent 
magnetotransport properties. All of the observations can be explained in the scenario of 
phase separation. 
In the ferromagnetic island/nanoconstriction of weakened ferromagnetic coupling/ 
ferromagnetic island system, a large spin-polarized current effect was observed. The spin-
polarized current would strengthen local ferromagnetic coupling when passing through 
the nanoconstricted region and cause a large drop of resistance.  
In the ferromagnetic island/phase separated nanoconstriction/ferromagnetic island 
system, resistance steps were observed at large bias current. The critical current value at 
which resistance jump occurs varied with temperatures and the applied magnetic fields. A 
large low field magnetoresistive ratio of 52.2% was achieved at 78K with the magnetic 
field up to 3000 Gauss when the bias current was set to 0.34 mA. The observation was 
attributed to local heating induced phase transition at some nanoconstrictions. 
 A size dependence of the magnetotransport behavior was observed in the 
nanoconstricted phase separated systems. Compared with system with larger lateral size, 
the system with smaller lateral size has a lower metal-insulator transition temperature, a 
larger magnetoresistance at the same bias current, and a larger electroresistance at the 
same external magnetic field. This size dependence can be understood in the framework 
of phase separation by taking into account the size dependence of the fraction of 
insulating phase and the percolation threshold for the metallic phase. 
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Chapter 5 Magnetotransport properties of intrinsic-
ally ferromagnetic LSMO nanoconstric-
tion arrays 
 
In the last chapter, three non-intrinsic LSMO nanoconstriction arrays were 
examined in details. All of the three nanoconstriction arrays exhibited apparently 
nonlinear transport properties and relatively large low field magnetoresistance at low 
temperatures. However, it is too early to draw a conclusion that all of the nonlinearities 
and the low field magnetoresistances observed in the magnetic nanoconstrictions are of 
extrinsic origin before the intrinsically ferromagnetic LSMO nanoconstriction arrays are 
fully investigated. 
Thanks to the use of STO hard mask through fabrication process III (section 
3.3.4), intrinsically ferromagnetic LSMO nanoconstriction arrays have been successfully 
fabricated. In this chapter, the magnetotransport properties and the domain structures of 
this kind of nanoconstriction array will be investigated and the influence of the different 
domain structures on the magnetotransport properties will be discussed. 
 
5.1 Magnetotransport properties 
A group of samples were fabricated by employing microspheres of different size. 
The lateral sizes of the nanoconstrictions ranging from about 90 nm to 200 nm. After the 
fabrication of the large area of intrinsically ferromagnetic LSMO nanoconstriction arrays 
through fabrication process III, the sample was patterned into a bridge-like geometry for 
transport measurement by employing conventional lithography and ion beam etching. No 
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size dependence of the magnetotransport properties was observed at this size range. A 
nanoconstriction array with the average lateral size of 100 nm is chosen to represent the 
magnetotransport properties of this group of LSMO nanoconstrictions hereafter. 
  





























Figure 5.1 The temperature dependences of resistance of LSMO nanoconstriction 
array at 0.0 and 1.0 Tesla respectively. The I-M transition temperature TP is 
apparently above 350 K.
 
 
Figure 5.1 shows the temperature dependences of resistance of the LSMO nano-
constriction fabricated through process III at different external magnetic fields. It can be 
seen that the metal-insulator transition temperature TP is above 350 K. Although TC of 
the nanoconstriction array was not measured due to the difficulty of separate the 
contribution from the nanoconstriction from that from other continuous part, it can be 
estimated to be above 350 K according to the value of TP based on double exchange 
interaction [1]. Therefore, this kind of nanoconstriction array should be in ferromagnetic 
state at room temperatures. From the discrepancy of the R-T curves with and without 
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external field, it can be seen that the magnetoresistance decrease with temperature and at 
the low temperatures the magnetoresistance under 1.0 Tesla field is almost negligible. 
This is consistent with the temperature dependent behavior in single crystals or 
stoichiometrically epitaxial films [2], suggesting that this LSMO nanoconstriction array 
is in the intrinsic ferromagnetic state without any defect or phase separated state. 
 

























 Figure 5.2 The I-V characteristics of the LSMO nanoconstrictions at 80 K and 300 
K respectively. Strictly ohmic behavior was observed at these two temperatures. 
 
 Figure 5.2 shows the I-V characteristics of the LSMO nanoconstriction at 80 K 
and 300 K respectively. It is seen that the sample exhibited strictly ohmic behavior at 
these two temperatures. No nonlinearity was observed as expected. 
 The magnetoresistance of the sample was measured at several temperatures from 
80 K to 350 K with the external magnetic field up to 1.0 Tesla. The results are shown in 
figure 5.3. The magnetoresistances of the sample are proportional to the applied field at 
80 K, 300K and 350 K respectively (the small deviation from the proportionality at 350 K 
116 
Chapter 5 Magnetotransport properties of intrinsically ferromagnetic LSMO … 
is due to fluctuation of the temperature), and the value of the magnetoresistance increase 
with temperature. These magnetoresistive behaviors show no difference from those of 
LSMO single crystals or epitaxial thin films. Very small low field magnetoresistance 
(smaller than 0.1 %) was observed near its coercive field at 80 K, as shown in the inset of 
figure 5.3, which should include the contribution of the domain wall resistance although 
the anisotropy magnetoresistance cannot be ruled out. 
 
















































Figure 5.3 The field dependences of resistance of the LSMO nanoconstriction 
array at different temperatures. Inset: low field magnetoresistance of the sample at 
80 K measured near the coercive field. 
 
 
5.2 Domain structure of the LSMO nanoconstriction array 
 The domain structures of the magnetic nanoconstrictions are critical to understand 
their magnetotransport properties [3]. We tried to use magnetic force microscopy at first 
to investigate the domain structures in the intrinsically ferromagnetic LSMO 
nanoconstriction array. However, due to the roughness of the sample (~ 100 nm) and the 
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weak magnetic signal at room temperature, it is very difficult to detect the domain 
structure of the LSMO nanoconstriction arrays. Fortunately, with the advent of cheap 
computing power in the last few years, coupled with freely available and rigorously 
tested codes such as OOMMF (Object Oriented Micromagnetic Framework) [4], it is easy 
to simulate the domain structures with fairly satisfactory results. In this thesis, the 2D 
micromagnetic solver of OOMMF was employed. 
 
5.2.1 OOMMF (Object Oriented Micromagnetic Framework) 
 OOMMF is a portable, extensible public domain micromagnetic simulation 
program developed by Donahue and Porter from the National Institute of Standards and 
Technology [4]. It can be used to solve 2D and 3D micromagnetic problems. In this thesis, 
only 2D solver was used. 








Md ××−×−= αγγ ) (Eq. 5.1) 
 
where       is the pointwise magnetization (A/m),        is the pointwise effective field 
(A/m),    is the Landau-Lifshiz gyromagnetic ratio (m/(A·s)), α is the damping coefficient 
(dimensionless). The effective field is defined as 
 
 
The average energy density E is a function of         specified by Brown’s equations [7], 





∂−= −10μ (Eq. 5.2) 
M
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(Eq. 5.3)  
Where A is exchange stiffness, K1 is anisotropy constant (assuming uniaxial anisotropy 
here), Ms is saturation magnetization, Hd is demagnetization field and Ha is applied field. 
 The magnetic problem in 2D solver is impressed upon a regular 2D grid of 
squares, with 3D magnetization spins positioned at the centers of the cells. The 
anisotropy and applied field energy terms are calculated with the assumption of constant 
magnetization in each cell. The exchange energy is calculated using the eight-neighbor 
bilinear interpolation described in [8], with Neumann boundary conditions. The 
magnetostatic energy is calculated through various algorithms, such as “ConstMag”, 
“3dSlab” and “3dCharge”. The algorithm of “ConstMag” calculates the average field in 
each cell under the assumption that the magnetization is constant in each cell, using 
formula from reference [9,10]. The algorithm of “3dSlab” calculates the in-plane field 
components using offset blocks of constant (volume) charge, as describe in reference [11]. 
All algorithms use Fast Fourier Transform techniques. 
 The Landau-Lifshitz equation is integrated using a second order preditor-corrector 
technique of the Adams type. The right side of Eq. 5.1 at the current and previous step is 
extrapolated forward in a linear fashion, and is integrated across the new time interval to 
obtain a quadratic prediction for M at the next time step. At each stage the spins are 
renormalized to Ms before evaluating the energy and effective fields. The right side of Eq. 
5.1 is evaluated at the predicted M, which is then combined with the value at the current 
step to produce a linear interpolation of dM/dt across the new interval. This is then 
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integrated to obtain the final estimate of M at the new step. The step is accepted if the 
total energy of the system decreases, and the maximum error between the predicted and 
final M is smaller than a nominal value. If the step is rejected, then the step size is 
reduced and the integration procedure is repeated. If the step is accepted, then the error 
between the predicted and final M is used to adjust the size of the size of the next step. 
For a given applied field, the integration continuous until a control point is 
reached. A control point event may be raised by the iteration count, elapsed simulation 
time, or by the maximum value of                                 dropping below a specified control 















Figure 5.4 Illustration of the geometry of the simulated sample. The 
black region represents the LSMO film and the white region represents 
STO substrate. D is the diameter of the microsphere used in the 
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The geometry of the sample, upon which the micromagnetic simulation was 
performed, is shown in figure 5.4. It can be seen that the geometry of the simulated 
sample is the same as those nanoconstriction patterns fabricated through fabrication 
process III based on nanosphere lithography. D is the diameter of the microspheres used 
in the fabrication process and d is the size of the nanoconstrictions. 
Several parameters of LSMO used in simulation are listed as follows: 
 Saturation magnetization MS: 3.6 μB / Mn ≈ 560 × 103 A/m [12] 
 Exchange stiffness A: it can be estimated from TC (350 K) by using the 
Heisenberg model. Assuming that the magnetic interaction is limited to nearest 
neighbor Mn sites with the coordination number Z = 6, a spin S = 3/2 and lattice 
parameter a = 3.90 Å, the molecular field theory [13] yields J ≈ 3KBTC/2ZS(S+1) 
= 3.2 × 10-22 J and A = JS2/a = 1.86 × 10-12 J/m 
 Anisotropy constant K1: - 5.7 × 103 J/m3. It is adopted from reference [14], in 
which the stress induced anisotropy due to the STO substrate is take into account. 
LSMO shows biaxial in-plane anisotropy with easy [110] and hard [100] direction. 
The other parameters are D = 1.5 μm, 1.0 μm with d = 200 nm, 100 nm, 50 nm 
respectively and D = 0.5 μm with d = 100 nm, 50 nm, 25nm respectively. The thickness 
of all of the samples is 50 nm. The size of unit cell is 10 × 10 × 50 nm3 for all of the 
samples except the cell size of 5 × 5 × 50 nm3 for the sample with D = 0.5 μm, d = 25 nm. 
The initial magnetization configuration was chosen randomly distributed. The 
simulations stopped when the value of                                  smaller than 1 × 10-5. 2seff MHM ×
 After the simulation of the sample with different value of D and d, and careful 
examining and comparing the simulation results, several conclusions can be drawn as 
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follows: (i) Although several domain walls (vortex structured) are seen at the places of 
nanoconstrictions, it is not necessarily that a domain wall will form at every 
nanoconstriction. More frequently, zigzag domain structures or vortex domain structures 
are observed, as indicated in the figure 5.5. The width of domain wall, if there is, is 
determined by the length of the nanoconstriction, rather than its size d. No abrupt change 
of magnetization was observed throughout the samples. (ii) The width of the domain wall 
is decreasing with the value D, the size of the microspheres used in the fabrication 
process. However, the domain structures of the nanoconstriction array show almost no 
dependence on D. (iii) With the decrease of nanoconstriction size d, the magnetizations at 
the place of nanoconstrictions are incline to align with nanoconstriction due to the larger 
shape anisotropy, while vortex structures are formed at the triangular regions, as shown in 
figure 5.6. 
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 Figure 5.5 Simulated domain structure of the LSMO nanoconstriction array with 
D = 0.5 μm and d = 100 nm. The length of an arrow represents the xy plane 
component of the magnetization and the color of an arrow represents its z 
component in Red-Black-Blue colormap. The color of pixel represents the y 
component of the magnetization in Red-Green-Blue-Red colormap. In addition 
to domain walls formed at several nanoconstrictions (A), zigzag domain 

























 Figure 5.6 Simulated domain structure of the LSMO nanoconstriction array with 
D = 0.5 μm and d = 25 nm. The length of an arrow represents the xy plane 
component of the magnetization and the color of an arrow represents its z 
component in Red-Black-Blue colormap. The color of pixel represents the y 
component of the magnetization in Red-Green-Blue-Red colormap. The 
magnetizations at the place of nanoconstriction are aligned with the 
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5.3 Discussion 
5.3.1 Domain wall resistance 
The subject of the variation of electrical resistance in a ferromagnet with domain 
structure was first studied as early as the 1930s, with Gerlach reporting that Barkhausen 
jumps of magnetization do not influence the electrical resistance in 1932 [15]. However, 
until recently is there an explosion of interest in the transport properties of domain walls 
and some convincing data reported. Now the investigation on domain wall resistance is 
carrying out mainly in two systems. One is the magnetically hard materials with out-of-
plane anisotropy and high Q factor (2K1/μ0M2) [16], in which well-defined dense domain 
patterns are formed, typically a stripe or labyrinth domain structure with very thin domain 
wall. However, these materials require large magnetic field to switch them. The other 
system is the nanoconstriction of a soft magnetic material in which a narrow domain wall 
is pinned there [17]. 
 Two theoretical models about domain wall resistance were proposed by Viret et al. 
[18] and Levy et al. [19] respectively. Both the Viret et al.’s semiclassical model and the 
Levy et al.’s quantum model share several important features: (i) In both cases, the MR 
ratio is independent of the overall scattering rate. It is the degree of spin-polarization of 
the current that determines the size of the effect. (ii) In both cases, the MR ratio within 
the wall is inversely proportional to the square of the wall thickness. As electrons travel 
through a thick wall in which the magnetizations rotate gradually over space, the spin of 
electrons can relax to align with the local magnetization, leading to a reduced scattering 
rate and thus MR ratio. With the decrease of the domain wall width, the spin transport 
adiabaticity increases. When the domain wall width is reduced to comparable to or 
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smaller than the spin relaxation length lre, the electrons traveling across the wall will 
encounter very strong scattering due to almost total mistracking of spin-resolved 
conducting channels. The depinning of the sharp domain wall will therefore produce a 
very large MR ratio. 
 Considering the inverse-proportionality of the MR ratio to the domain wall width 
and the domain structures of the LSMO nanoconstriction array fabricated through process 
III, in which there is no abrupt domain wall as indicated by the simulation results, it is 
easy now to understand the magnetotransport properties of these LSMO nanoconstriction 
arrays – linear I-V characteristic and small low field magnetoresistance. 
 
5.3.2 The influence of the geometry of nanoconstriction  
 As discussed above, the domain structure of the nanoconstriction, especially the 
domain wall pinned there, plays an important role in achieving a high MR ratio in this 
nanostructure, and the geometry of the nanopattern is a crucial factor in determining its 
domain structure. Here, by taking permalloy as an example and employing OOMMF 
software, we’ll discuss which kind of geometry is the best to be adopted in 
nanoconstriction fabrication. That permalloy, rather than LSMO, is chosen is for 
convenience to compare with reported results because most of the experimental work was 
done on magnetic metallic systems. 
 Here the nanoconstrictions of three kinds of geometries are considered – arc 
shaped, rectangular shaped and triangular shaped. The geometric details are shown in 
figure 5.7. For every geometry, a set of parameters are chosen to investigate the 
dependence of domain structure on the length and size of nanoconstriction. The 
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parameters for simulations are: Ms = 860 A/m, A = 13 × 10-12 J/m, K1 = 0, thickness = 
50 nm, cell size = 10 nm. The simulations stopped when the torque value                         



































 Figure 5.7 Nanoconstrictions of different geometry. (a) arc shaped (b) rectangular 
shaped (c) triangular shaped 
 
 The simulation results are shown in figure 5.8, 5.9, 5.10 for the case of arc shaped, 
rectangular shaped and triangular shaped nanoconstrictions respectively. The main 
features can be summarized as follows:  
• When the size of the nanoconstriction d is large enough, the domain wall will not 
necessarily form at the place of nanoconstriction, whichever the geometry of the 
nanoconstriction is. As indicated in figure 5.8, 5.9 and 5.10. 
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• No matter which kind of geometry of the nanoconstriction, the width of domain 
wall is determined by the effective length of the constriction, rather than the size 
of the nanoconstriction d. For the case of the arc shaped nanoconstrictions, the 
width of domain wall decreases with the radius of the arc r, as shown in figure 5.8. 
For the case of the rectangular shaped nanoconstrictions, the width of domain wall 
decreases with the length of domain wall l, as shown in figure 5.9. For the case of 
triangular shaped nanoconstrictions, the width of domain wall decreases with the 
angle α, as shown in figure 5.10. 
• The domain wall at nanoconstriction is the negotiated result of expanding the wall 
to reduce exchange energy and compressing the wall to reduce the anisotropy 
energy and the energy related to wall area. Therefore, narrow domain wall is 
preferred at a nanoconstriction in which the cross section area increases much 
rapidly when distancing away from the center of the nanoconstriction. Among the 
three geometries considered in this thesis, the triangular shaped nanoconstriction 
is the best due to its shortest effective length of constriction at smaller angle α. As 
shown in figure 5.10 for the case of α = 30º, d = 50 nm, an abrupt Bloch wall is 
formed at nanoconstriction. 
It is worth mentioning that the geometry of the nanoconstriction of break junction 
is more like the case of arc shaped nanoconstriction with large arc radius r, in which 
the effective length of constriction is large. Therefore, it is much less possible to 
observed large low field MR ratio due to the domain wall resistance in 
nanoconstriction of break junction. 
128 

































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Chapter 5 Magnetotransport properties of intrinsically ferromagnetic LSMO … 
5.3.3 Comparison with the non-intrinsic LSMO nanoconstriction arrays 
Now we would like to compare the magnetotransport behavior of intrinsic 
ferromagnetic LSMO nanoconstriction arrays with that of non-intrinsic ones. All of the 
non-intrinsic LSMO nanoconstriction arrays show nonlinear transport behavior, apparent 
low field magnetoresistance. Especially, in the phase separated narrow nanoconstriction 
array B (Chapter 4), novel resistance steps were observed. However, none of these 
magnetotransport behaviors was observed in the intrinsic ferromagnetic nanoconstriction 
array. It seems that the nonlinear magnetotransport properties of these LSMO 
nanoconstriction array are more likely attribute to the defect state in the nanoconstrictions. 
Due to the extremely small size of magnetic nanoconstrictions [17] where only 
several conduction channels exist, defect states, such as oxidation state for metal [20], 
can be very easy to be introduced. It is also a challenge to control the geometry of the 
nanoconstriction at several nanometers scale, which is crucial to the domain structure of 
nanoconstrictions and then transport behavior. Therefore, it is less likely that an abrupt 
domain wall will be pinned at a conventional fabricated magnetic nanoconstriction. It is 
therefore arbitrary for us to attribute the ultra large low field magnetoresistance to the 
domain wall resistance before we obtained the full information of the magnetic domain 
structure at the nanoconstriction.  
 
5.4 Summary 
In summary, by using the STO hard mask in the fabrication process, intrinsic 
ferromagnetic LSMO nanoconstriction arrays have been fabricated successfully. The 
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magnetotransport properties measurements show linear I-V characteristic, very small low 
field magnetoresistance, which is the same as those in bulk materials and thin films. 
The magnetic domain structure simulation shows that broad domain walls, zigzag 
and vortex domain structures, rather than abrupt domain wall, are energetically preferred 
at these ferromagnetic LSMO nanoconstriction arrays with the lateral size down to 25 nm. 
This is the main reason why no large low field magnetoresistance was observed. 
Furthermore, the domain structure simulation on magnetic nanoconstrictions of different 
geometry shows that the domain structure of a nanoconstriction is strongly dependent on 
its geometry. 
Although the results of this project cannot rule out of the domain wall resistance 
contribution to the ultra large low field magnetoresistance in the atomic-sized magnetic 
nanoconstriction, they do lend some support to the viewpoint that the ultra large low field 
magnetoresistance in magnetic nanoconstriction is an extrinsic properties due to defect 
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6.1 Conclusions 
 
In this work, the techniques of nanosphere lithography (NSL) and pulsed laser 
deposition (PLD) were integrated to develop three fabrication processes for the 
fabrication of LSMO nanoconstriction array. The nanoconstriction arrays of several 
different physical states - oxygen deficiency induced magnetic coupling weakened state, 
stress induced phase separated state, oxygen deficiency induced phase separated state and 
intrinsically ferromagnetic state – have been successfully fabricated with the size of the 
nanoconstrictions ranging from sub-100 nm to several hundred nm. Because of the 
versatility of the PLD technique in the deposition of the oxide thin film, the fabrication 
processes developed in this work can be widely applied to the fabrication of other 
nanopatterned multicomponent oxide thin films which include colossal magnetoresistive 
magnetite, superconducting cuprates and other perovskite oxides. 
The magnetotransport behaviors of the LSMO nanoconstriction arrays in different 
physical states were investigated to study how the different physical states and the 
magnetotransport properties are related. The results showed that all the nanoconstriction 
arrays in non-intrinsic states, including oxygen deficiency induced magnetic coupling 
weakened state, stress induced phased separated state and oxygen deficiency induced 
phase separated state, exhibited strong nonlinear (bias current dependent) 
magnetotransport behaviors and relatively large low field magnetoresistances at low 
temperatures, particularly the resistance steps against bias current observed in the stress 
induced phased separated nanoconstriction array. In contrast, for the nanoconstriction in 
intrinsic ferromagnetic state, the I-V characteristics strictly followed Ohm’s law. There 
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was no sign of the nonlinear magnetotransport behavior, and the low field 
magnetoresistance was less that 1.0%. Compared with the bulk materials or continuous 
thin film, the nanoconstriction array in intrinsic state showed the same magnetotransport 
behavior. This is because the vortex and zigzag domain structure, rather than an abrupt 
domain wall, are preferred in the nanoconstrictions. Another reason is that the width of 
the domain wall pinned at the nanoconstriction, if there is, may be much longer than the 
spin relaxation length of electron, so no ballistic effect could be observed. All these 
vortex and zigzag domain structure and broad domain wall in the fabricated LSMO 
nanoconstriction arrays have been confirmed through micromagnetic simulation. Based 
on comparative analysis of the magnetotransport behaviors of the samples in non-intrinsic 
defect and intrinsic ferromagnetic states, it seems that the nonlinear transport properties 
and the large low field magnetoresistance are more probably extrinsic properties of the 
nanoconstriction due to its defect state, rather than the intrinsic behavior of the magnetic 
nanoconstriction due to the domain wall resistance.  
Compared with the intrinsic LSMO nanoconstriction array, the non-intrinsic 
LSMO nanoconstriction arrays show much more potential in applications. A large spin-
polarized current effect was observed in the ferromagnetic island/nanoconstriction of 
weakened ferromagnetic coupling/ferromagnetic island system. The spin-polarized 
current would strengthen local ferromagnetic coupling when passing through the 
nanoconstricted region and cause a large drop of resistance. The effect of a spin-polarized 
current of as small as 0.1 μA to the resistance drop is equivalent to the application of an 
external field much larger than 3000 Gauss on this system. This spin-polarized current 
effect would provide a new degree of freedom for the design of spintronics devices. 
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In the phase separated nanoconstriction arrays, resistance steps were observed at 
large bias current. The critical current value at which resistance jump occurs varied with 
temperatures and the applied magnetic fields. A large low field magnetoresistive ratio of 
52.2% was achieved at 78K with the magnetic field up to 3000 Gauss when the biased 
current was set to 0.34 mA, showing promise in the application of magnetic field sensors.  
 Two phase separated nanoconstriction arrays of different size were comparatively 
studied in this work to observe the size effect in the low dimensional phased separated 
system. Both samples exhibited bias current dependence of resistance and these nonlinear 
transport properties varied with the size of the nanoconstriction. Compared with the 
nanoconstriction arrays of larger size, the nanoconstriction array of smaller size had a 
lower metal-insulator transition temperature Tp, a larger magnetoresistance at the same 
bias current and a larger electroresistance in the same external magnetic field. The 
experimental features can be understood in the framework of phase separation by taking 
into account the size dependence of the fraction of insulating phase and the percolation 
threshold for the metallic phase. This work suggests a size dependence of 
magnetotransport behavior in nano-scaled systems of phase separated manganites.  
 
6.2 Future work 
 Firstly, throughout this investigation, due to the employed fabrication method – 
nanosphere lithography, all of the magnetotransport measurements were based on the 
nanoconstriction array, not a single nanoconstriction. These measurements were very 
helpful in studying the physical state dependence of the magnetotransport properties. As 
shown and discussed in the chapter 4 and chapter 5, as long as the size of the 
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nanoconstriction reach around 100 nm, the magnetotransport properties is more 
sensitively dependent on their physical state and less sensitively on the size distribution 
of the nanoconstrictions. However, to achieve quantitative information on the size 
dependence of the magnetotransport behavior in these low dimensional systems, 
magnetotransport measurement based on a single nanoconstriction is needed in future 
studies.  
 Secondly, based on Bruno’s theoretical work [1], the domain wall structure in the 
nanoconstriction is not determined by the characteristic parameters of the materials, such 
as saturation magnetization, exchange stiffness, and anisotropy etc, but by the shape of 
the nanoconstriction. It is expected that the nanoconstrictions with different shape should 
behave differently. To get an optimized design of nanoconstriction for the future 
application of the read sensor, further study is needed on the nanoconstrictions of 
different geometric shapes. 
 Thirdly, in this work, LSMO was chosen as a material for nanoconstriction 
fabrication mainly due to its high spin polarization. However, LSMO is only a member in 
the large family of manganites which are typical strongly correlated electron systems. 
With the decrease of the tolerance factor t by substituting A site cation with a smaller one, 
as in LCMO and PCMO, the eg bandwidth will be reduced [2]. Ferromagnetic metallic 
phase and antiferromagnetic insulating charge ordering phase compete in these 
manganites of intermediate or small bandwidth, exhibiting a rich electronic phase 
diagram. Future investigation on the nanoconstriction of manganites with a spectrum of 
bandwidths is needed to obtain some helpful information about the physics of the low 
dimensional strongly correlated electron system. 
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